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INTRODUCTION

In the process of providing safe drinking water, water

treatment plants throughout the world generate residuals as

inescapable by-products1,2. These residuals are varied depen-

ding on raw water sources, treatment operations, process types

and the kind and dosage of chemical additives such as coagu-

lants3-5. To date, studies have estimated that water treatment

plants produce approximately 10000 tons of sludge per day

globally, showing that these residuals contain dissolved and

suspended forms of organic and inorganic substances, various

microorganisms and heavy metals with their potential impacts

on human health and the environment6. Today, because of strin-

gent environmental regulations regarding the sludge disposal,

available options for the disposal of these residuals are

increasingly limited. At various areas of the world, landfilling

is the most common practice for sludge disposal, but due to

the high cost of landfill disposal, application of water treatment

residual  to agricultural land has been considered as a possible

alternative. In this line, land application appears to be a low-

cost and desirable option which may not necessarily need

regulatory authorizations2,7-9.

Since there is a concern that the land application of water

treatment residuals will result in soil and water contamination
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with trace elements which could directly or indirectly be

ingested by humans and animals, so to prevent their potential

impacts on human health and the environment. The chemical

and physical characteristics of the residuals must be specified

and compared with national and international sludge regu-

lations before the land applications of the residuals10.

Moreover, most water treatment plants in developing

countries discharge their residues into surface waters, which

are currently recognized as industry-wide pollution problems11

containing different degrees of toxicity. These residues would

have a toxic load on aquatic organisms and may impair the

quality of receiving water if they are left untreated or are dis-

charged directly into receiving water bodies4,7.

Heavy metals are found in various emission sources related

to industrial and urban activities as well as agricultural practices

with adverse environmental effects. Land disposal and land

application of municipal and industrial wastes have also contri-

buted to a continuous accumulation of heavy metals in soils12,13.

Throughout the world, aluminum coagulants are incre-

asingly used in potable water treatment plants to remove turbi-

dity and dissolved substances14, with the wide application today

for poly aluminium chloride, which produces huge amounts

of PACl-WTRs. Therefore, the objectives of the study were to

determine the physiochemical characteristics and the heavy
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metal contents of PACl-WTRs from two water treatment plants

(WTP1 and WTP2) and to compare the results with interna-

tional regulations for the disposal or the land application of

sludge.

EXPERIMENTAL

WTP1 and WTP2, which supply the water requirements

of about one million inhabitants of Ahvaz, were monitored.

Both plants use conventional treatment process trains and are

mainly fed with the Karun river. These plants daily supply

about 500,000 m3 of treated water to the city. The treatment

trains consist of coagulation by the addition of poly aluminum

chloride (PACl), flocculation, sedimentation, rapid sand filtra-

tion with a backwashing period of 8-12 h and final chlorination.

Water treatment residuals resulting from both plants are dis-

charged into the Karun river directly. The location of the water

treatment residuals sampling point is shown in Fig. 1.

Sampling: We designed the sampling period to cover both

the wet and the dry seasons to take into account the impact of

seasonal changes on the PACl-WTRs quality. PACl-WTR

samplings were carried out from February, March and April

(as the wet season) to July, August and September (as the dry

season) in 2011. A total of 24 PACl-WTR samples were collec-

ted at the point of PACl-WTRs storage tank of WTP1 and

WTP2 (Fig. 1). A core sampler (2 m) was used to collect repre-

sentative 40 L samples from both WTPs. Samples were then

collected in polyethylene containers previously washed with

nitric acid. Next, they were stored in ice-cooled boxes before

being transported to the laboratory for immediate analysis.

Analytical methods and instruments: The electrical

conductivity (EC) and the pH were measured using a Hach

sensION156 Portable pH/Conductivity meter. The total, fixed

and volatile solids of the WTRs were also measured. Briefly,

appropriate volumes of the samples were oven-dried at 103-

105 °C, weighed and then ignited in a muffle furnace at 550 °C

for 4 h before being re-weighed to determine the organic

materials loss.

Total metal (Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb,

Sb, V and Zn) concentration was estimated using a hot plate

digestion through U.S.EPA method 3050B15. PACl-WTR

samples were dried in an oven at 105 °C to gain a constant

weight and were grounded prior to analysis. Afterwards, 2 g

of the samples were weighed into Erlenmeyer flasks to which

10 ml of 1:1 nitric acid was added. The flasks were then covered

with watch glasses, being heated on a hot plate without boiling.

After 15 min, they were removed from the hot plate, 5 mL of

concentrated nitric acid was added and they were placed back

onto the plate for 0.5 h. This procedure was repeated until no

brown fume was produced. After being removed from the hot

plate, 2 ml of deionized water and 3 mL of 30 % hydrogen

peroxide were added to the flasks. Samples were then filtered

through pre-rinsed Whatman 45 filter paper (pore size 1 µm)

and diluted to 100 mL. After digestion, the extracts were

analyzed by Inductively Coupled Plasma-Optical Emission

Spectroscopy (ICP-OES) (Arcos-spectra, Germany). Samples

with high concentrations of metal were diluted to fit within

the linear region of the calibration curve.

Analyses of the results were performed using the Statistical

Package for Social Sciences (SPSS 17). Heavy metals data

were tested for normality using the Kolmogorov-Smirnov test.

Independent sample T-Test was used to compare means of

metal concentrations between the wet and dry seasons.

RESULTS AND DISCUSSION

Physico-chemical properties of PACl-WTRs: The

physiochemical characteristics of PACl-WTRs are shown in

Table-1. These characteristics change from season to season,

but both PACl-WTRs were similar in some features such as:

pH, conductivity and the concentration of total solids. As

shown in Table-1, the mean pH of the PACl-WTRs in the wet

and dry seasons is 7.35-7.43 and 7.89-7.95, respectively, which

were slightly alkaline. Titshall and Hughes2 reported that, in

most instances, the WTR samples were neutral to alkaline.

The mean EC of PACl-WTRs ranged from 1708 ± 79.0 to

2067 ± 67 µS cm-1, which is much higher than the values

reported in other studies2,4,16. Differences could result from

the raw water quality, water temperature, chemical additives,

the season and the treatment processes employed.
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Fig. 1. Location of the water treatment residuals (WTRs) sampling point in the studied water treatment plants (WTPs)
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Heavy metals content of poly aluminum chloride water

treatment residual samples: The poly aluminum chloride

water treatment residual samples were analyzed for the total

concentration of metals e.g., aluminum (Al), arsenic (As),

antimony (Sb), barium (Ba), cadmium (Cd), chromium (Cr),

cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn),

nickel (Ni), vanadium (V) and zinc (Zn). As shown in Table-2,

in both PACl-WTRs, high concentrations of aluminum were

found in the wet and dry seasons but these concentrations are

lower than the obtained aluminum levels in the alum sludge in

other studies (Wet season: 171769 mg kg-1, Dry season: 57730

mg kg-1)4,8,16-18. The concentrations of Al and Fe in both

residuals were considerably higher than other metal concen-

trations. In characterizing WTRs, some authors have also found

high aluminum and iron concentrations4,8,16,18-21. The order of

magnitude in the residual metal concentrations in WTP1 and

WTP2 was Al > Fe > Mn > Ni > Zn > Ba > Cu > Cr > Pb > Co

> Sb > As > V > Cd. The order is somewhat similar to the

results obtained in other studies which are shown in Table-3.

These characteristics of PACl-WTRs are influenced by the

quality of raw water (data not shown), which, due to the elevated

values of colour and turbidity, may require large chemical

additions during the water treatment process. Moreover, the

rather high-metal concentrations might be related to the low

quality of coagulants and other potential contaminants. For

example, in the present analyses, it was found that the raw

water of WTP1 and WTP2 did not contain detectable levels of

As, Sb and V (data not shown). However, they were seen in

the PACl sludges. It was concluded that the As, Sb and V might

have originated from the coagulant, but this was not experi-

mentally confirmed. It is known that, currently, many conta-

minant metals in the WTP sludge may result from the additive

chemicals such as the coagulant itself22.

Table-3 shows that the heavy metals concentrations of

the two PACl-WTRs in this study were similar because both

plants use the same raw water source, coagulant agent (PACl)

and water treatment operations and processes but these levels

are not similar with the results of other studies. Some studies

have shown that various parameters of water treatment resi-

duals such as the heavy metals concentrations vary among

water treatment plants because of the raw water quality, the

treatment process type and its performance, the nature and

the source of chemical additives3,4.

As shown in Fig. 2, we observed a linear negative and

significant correlation between the mean total heavy metal

contents and the electrical conductivity (EC) of both PACl-

TABLE-1 
SOME PHYSICO-CHEMICAL PROPERTIES OF THE STUDIED PACl-WTRs 

PACl-WTR1 PACl-WTR2 
Property 

Wet season Dry season Wet season Dry season 

pH 7.35 ± 0.30 7.95 ± 0.35 7.43 ± 0.37 7.89 ± 0.40 

Electrical conductivity (µS cm-1) 1708 ± 79.0 2048 ± 81.6 1789 ± 93.2 2067 ± 67.0 

Total solids (mg L-1) 12371 ± 2309.0 8807 ± 961.0 11209 ± 2049.0 8132 ± 839.0 

Total fixed solids (mg L-1) 11380 ± 2137.0 7968.8 ± 834.4 10313 ± 1943.0 7359.5 ± 774.0 

Total volatile solids (mg L-1) 990.5 ± 37.0 838.2 ± 58.6 896.1 ± 43.2 772.5 ± 47.0 

 

TABLE-2 
HEAVY METALS CONTENT (mg kg–1) OF THE STUDIED PACl-WTRs (ALL VALUES ARE EXPRESSED ON DRY-WEIGHT BASIS) 

  Al As Ba Cd Co Cr Cu Fe Mn Ni Pb Sb V Zn 

41079 7.14 96.8 0.23 19.8 73.4 44.6 5051 496.2 102.0 27.8 9.08 2.16 69.2 

47480 7.41 99.4 2.06 21.0 75.0 45.7 5326 522.3 108.7 30.4 9.63 2.64 72.7 

41923 7.11 86.2 0.14 16.9 62.4 51.3 2105 487.0 83.4 33.2 8.83 2.06 55.1 

45440 6.51 89.2 2.03 19.6 69.8 46.3 3416 522.4 97.8 19.9 9.76 2.26 65.4 

44209 6.35 109.9 1.72 22.6 73.7 48.0 4174 599.7 108.0 31.6 9.90 2.34 77.2 W
et

 s
ea

so
n

 

46580 6.13 103.5 1.08 21.1 74.9 45.8 3562 567.6 100.3 35.0 9.37 2.70 88.2 

30898 4.51 33.8 0.49 12.9 55.0 30.1 2661 489.8 52.3 3.0 5.58 0.93 42.4 

35531 3.13 38.7 0.79 8.3 57.5 35.4 2755 416.1 60.4 3.5 7.33 1.31 44.1 

40378 2.80 38.8 0.36 12.9 39.5 60.6 2360 434.0 68.9 3.9 7.63 1.67 38.8 

37140 2.57 37.0 3.32 8.9 46.0 48.9 4803 356.2 67.4 8.4 6.84 1.09 42.1 

29374 3.00 41.5 0.50 7.2 75.4 44.2 4172 531.3 83.7 4.0 6.43 1.75 57.9 

W
T

R
 1

 

D
ry

 s
ea

so
n

 

38190 2.80 40.3 0.71 8.2 49.1 37.1 4758 483.3 61.9 6.2 6.35 1.34 60.8 

38384 6.84 91.0 1.46 18.9 69.8 41.7 4133 487.3 97.7 26.1 8.56 2.30 66.9 

46423 7.20 84.9 1.65 18.0 66.1 39.3 3789 468.3 93.6 25.0 8.56 2.38 63.7 

36472 7.19 91.6 0.60 17.1 65.4 52.5 4591 507.4 87.7 36.0 8.95 2.36 60.3 

44481 6.29 89.3 0.22 21.3 73.6 49.6 5020 563.5 104.0 31.9 9.05 2.64 94.9 

38807 6.43 90.2 2.33 19.6 73.4 46.5 4949 543.1 96.4 29.0 9.16 2.43 68.3 W
et

 s
ea

so
n

 

45865 5.75 103.5 0.28 22.1 78.9 46.4 5109 595.9 106.6 26.7 9.24 2.18 76.4 

34428 2.08 32.6 1.04 10.6 47.3 27.7 2591 480.9 57.8 3.1 6.96 1.54 40.4 

31947 1.60 35.9 1.36 11.6 48.1 34.9 2501 462.4 67.2 3.0 6.73 1.83 36.3 

28614 2.04 37.9 0.41 14.4 44.4 67.1 2954 406.9 68.3 6.9 6.54 2.01 44.4 

30695 3.22 34.3 2.24 13.7 54.5 56.9 2544 399.9 58.3 6.1 8.18 1.44 69.7 

29872 2.72 41.3 1.25 12.9 64.4 58.6 4838 413.0 56.1 3.2 7.73 1.40 48.9 

W
T

R
 2

 

D
ry

 s
ea

so
n

 

36442 2.97 39.8 0.36 14.2 55.1 47.4 7656 414.7 72.4 3.8 7.35 1.63 50.1 
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WTRs (r2 = 0.877, p-value < 0.05 and r2 = 0.828, p-value <

0.05 for PACl-WTR 1 and PACl-WTR 2, respectively). This

indicates that increasing the EC of PACl-WTRs in the dry

season leads to a reduction of heavy metals content in the solid

phase of PACl-WTRs. Some studies have identified salinity

as an effective factor in changing the chemical form and the

concentration of heavy metals from the ionic solution phase

to the combined phase, the colloidal particles or the sedi-

ment23,24. Due to high salinity in the dry season as compared

with the wet season, metals release from the combined phase

into the ionic solution phase.

As shown in Table-4, the concentration of metals in the

wet season was higher than the dry season in both PACl-WTRs.

T-test results showed that there were a significant differences

in metals concentrations between the wet and dry seasons

(p-value < 0.05) in PACl-WTRs. The higher concentration of

metals observed during the wet season could be attributed to

the heavy rainfall and the subsequent river runoff, bringing

much industrial and land derived materials along with domes-

tic, municipal and agricultural wastes, which include residues

of heavy metals containing pesticides25-29. Moreover, as was

previously discussed, increasing the electrical conductivity and

salinity of WTRs in the dry season results in metals release

from the combined phase into the ionic solution phase and

subsequently, decreases the concentration of heavy metals in

residuals at the dry season more than that in the wet season.

R² = 0.877

R² = 0.828
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Fig. 2. Correlation analysis of the total heavy metals content and the

electrical conductivity of poly aluminum chloride water treatment

residual (PACl-WTRs)

Additionally, the rather high-metal concentrations of PACl-

WTRs in the wet season might be related to the low quality of

raw water and other potential contaminants during the wet

season, with increased consumption of coagulants and

chemical additives during water treatment processes.

As illustrated in Table-4, metal concentrations of PACl-

WTRs were compared with the EPA standard for land use or

the disposal of sludge30 and the Canadian soil quality guidelines

TABLE-3 
COMPARISON OF HEAVY METALS CONTENT (mg kg-1) OF THE STUDIED PACl-WTRs WITH OTHER STUDIES 

 Present study Ref. 4 Ref. 20 Ref. 21 Ref. 3 Ref. 8 Ref. 18 

 PACl-WTR 1 PACl-WTR 2 Alum WTRs 
Alum 
WTRs 

Al-based 
WTRs 

Alum 
WTRs 

Alum 
WTR1 

Alum 
WTR2 

Alum 
WTRs 

Metal 
Wet 

season 

Dry 

season 

Wet 

season 

Dry 

season 

Wet 

season 

Dry  

season 
Total Total Total Total Total 

Al 

 

44452 

(2550) 

35252 

(4291) 

41739 

(4338) 

32000 

(2944) 
171769 57730 

142020 

(26068) 
42670 - 145553 127473 

73816 

(3278) 

As 

 

6.78 

(0.51) 

3.14 

(0.70) 

6.62 

(0.57) 

2.44 

(0.62) 
- - 

11.32 

(3.53) 
34 - - - 

73816 

(3278) 

Ba 

 

97.5 

(8.9) 

38.3 

(2.7) 

91.7 

(6.2) 

37.0 

(3.3) 
- - 

84.92 

(129.65) 
- - - - - 

Cd 

 

1.21 

(0.87) 

1.03 

(1.13) 

1.09 

(0.85) 

1.11 

(0.69) 
ND ND ND - 1.6 - - - 

Co 

 

20.2 

(1.9) 

9.7 

(2.5) 

19.5 

(1.9) 

12.9 

(1.5) 
- - - - - - - - 

Cr 

 

71.5 

(4.8) 

53.8 

(12.4) 

71.2 

(5.1) 

52.3 

(7.3) 
34.5 38.5 

120.77 

(45.43) 
- 50 - - 

81.1 

(1.3) 

Cu 

 

47.0 

(2.4) 

42.7 

(11.0) 

46.0 

(4.9) 

48.7 

(15.1) 
70 24 

31.91 

(20.99) 
- 171 153 9342 

141 

(3.4) 

Fe 

 

3939 

(1183) 

3585 

(1118) 

4598 

(535) 

3847 

(2068) 
130500 392500 

10584 

(5154) 
3336 - 2434 14891 

3728 

(116) 

Mn 

 

532.5 

(43.2) 

451.8 

(62.4) 

527.6 

(48.5) 

429.6 

(33.5) 
1485 1415 

83.31 

(45.48) 
270 - - - - 

Ni 

 

100.0 

(9.2) 

65.8 

(10.6) 

97.7 

(6.9) 

63.4 

(6.8) 
50 79.5 

8.30 

(3.49) 
- 44 - - - 

Pb 

 

29.6 

(5.4) 

4.8 

(2.1) 

29.1 

(4.2) 

4.4 

(1.7) 
56 75 

5.71 

(3.88) 
5 204 6 16 

1.99 

(0.4) 

Sb 

 

9.43 

(0.41) 

6.69 

(0.74) 

8.92 

(0.30) 

7.25 

(0.63) 
- - - - - - - - 

V 

 

2.36 

(0.26) 

1.35 

(0.32) 

2.38 

(0.16) 

1.64 

(0.24) 
- - - - - - - - 

Zn 

 

71.3 

(11.2) 

47.7 

(9.2) 

71.8 

(12.5) 

48.3 

(11.7) 
64 29 

19.36 

(4.85) 
30 527 5 51 

14.37 

(1.3) 

Note: Standard deviations are shown into parenthesis. 
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for the protection of environment and human health31, illus-

trating that the concentrations of all the studied metals in both

PACl-WTRs were less than the EPA standard for land use or

the disposal of WTRs. However, the concentration of chromium

in both PACl-WTRs exceeded those of the Canadian guideline

for agricultural and residential/parkland application. As for

nickel in both PACl-WTRs, the figures exceeded those of

the Canadian guideline for total application. Comparisons of

chromium and nickel concentrations with the Canadian

guideline are shown in Figs. 3 and 4, respectively. There may,
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Fig. 3. Comparison of Cr levels in the two poly aluminum chloride water
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Fig. 4. Comparison of Ni levels in the two poly aluminum chloride water

treatment residuals (PACl-WTRs) with Canadian soil quality

guidelines for the protection of environmental and human health

however, be a potential risk related to Ni and most likely also,

Cr, if the amended soils were to be acidified. Consequently, if

the PACl-WTRs were to be applied to land, attention would

also be needed to be given to the acidity of the soil. Further-

more, for land application of PACl-WTRs (as with any other

waste), care needs to be given to the existing background soil

characteristics.

Conclusions

Poly aluminum chloride water treatment residuals in two

water treatment plants were surveyed with regard to their heavy

TABLE-4 
COMPARISON OF PACl-WTRs HEAVY METALS CONTENT (mg kg–1) OF THE SLUDGE IN  

THE WET AND DRY SEASONS AND WITH STANDARDS AND GUIDELINES 

Regulations 
 PACl-WTR 1 PACl-WTR 2 

CCMEb (2010) [Ref. 31] 

Metal 
Wet 

season 
Dry 

season 
Wet 

season 
Dry 

season 

US EPA part 
503a (1993) 
[Ref. 30] Agricultural 

Residential/Park 
land 

Industrial Commercial 

Al* 

 

44452 

(2550) 

35252 

(4291) 

41739 

(4338) 

32000 

(2944) 
- - - - - 

As* 

 

6.78 

(0.51) 

3.14 

(0.70) 

6.62 

(0.57) 

2.44 

(0.62) 
75 12 12 12 12 

Ba* 

 

97.5 

(8.9) 

38.3 

(2.7) 

91.7 

(6.2) 

37.0 

(3.3) 
- 750 500 2000 2000 

Cd 

 

1.21 

(0.87) 

1.03 

(1.13) 

1.09 

(0.85) 

1.11 

(0.69) 
85 1.4 10 22 22 

Co* 

 

20.2 

(1.9) 

9.7 

(2.5) 

19.5 

(1.9) 

12.9 

(1.5) 
- 40 50 300 300 

Cr* 

 

71.5 

(4.8) 

53.8 

(12.4) 

71.2 

(5.1) 

52.3 

(7.3) 
3000 64 64 87 87 

Cu 

 

47.0 

(2.4) 

42.7 

(11.0) 

46.0 

(4.9) 

48.7 

(15.1) 
4300 63 63 91 91 

Fe 

 

3939 

(1183) 

3585 

(1118) 

4598 

(535) 

3847 

(2068) 
- - - - - 

Mn 

 

532.5 

(43.2) 

451.8 

(62.4) 

527.6 

(48.5) 

429.6 

(33.5) 
- - - - - 

Ni* 

 

100.0 

(9.2) 

65.8 

(10.6) 

97.7 

(6.9) 

63.4 

(6.8) 
420 50 50 50 50 

Pb* 

 

29.6 

(5.4) 

4.8 

(2.1) 

29.1 

(4.2) 

4.4 

(1.7) 
840 70 140 600 260 

Sb* 

 

9.43 

(0.41) 

6.69 

(0.74) 

8.92 

(0.30) 

7.25 

(0.63) 
- 20 20 40 40 

V* 

 

2.36 

(0.26) 

1.35 

(0.32) 

2.38 

(0.16) 

1.64 

(0.24) 
- 130 130 130 130 

Zn* 

 

71.3 

(11.2) 

47.7 

(9.2) 

71.8 

(12.5) 

48.3 

(11.7) 
7500 200 200 360 360 

aEPA standard for use and disposal of sludge, bCanadian soil quality guidelines for the protection of environmental and human health, *Mean 
difference is significant at the 0.05 level (between wet and dry season) 

Note: Standard deviations are shown into parenthesis 
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metals content and the implications for land application.

Generally, it seems that the examined PACl-WTRs have the

potential for land application. In this line, the following results

are obtained:

• Aluminium and iron have predominant concentrations

in comparison with other examined metals.

• Heavy metals concentrations at the wet season were

higher than those in the dry season due to heavy precipitations

in the wet season, higher salinity of PACl-WTRs in the dry

season, the low quality of raw water source and the elevated

consumption of coagulants during the wet season.

• Aluminum concentrations in PACl-WTRs were found

lower than those levels in the alum sludge of other studies.

Moreover, relatively high concentrations of heavy metals and

origin of some metal contaminants such as As, Sb and V may

be due to the poor quality of the PACl coagulant itself.

• In general, according to the results of this study, the

PACl-WTRs have the potential for land application from a

heavy metals viewpoint. However, if these PACl-WTRs are

used on land, considerations need to be taken as to the existing

background soil characteristics such as the heavy metals and

particularly Ni and Cr.

In addition, it would be beneficial to examine other

parameters of PACl-WTRs from other water treatment plants

to improve our understanding on the range of PACl-WTRs

produced and their potential for land application.
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