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Abstract: This paper presents a synopsis of various low-cost techniques evaluated for the removal of phosphates from water and treated wastewaters. Employed techniques include seawater flocculation as well as the use of bittern in the coagulation/flocculation process, adsorption on fluidized raw dolomite bed, and filtration through iron and aluminum hydroxy (oxide) coated filter media. Seawater flocculation at a seawater concentration of 10% exhibited highly efficient (>90%) removals of total phosphorus from alkaline oxidation pond effluents. For experiments employing fluidized raw dolomite bed, varying degrees of phosphate adsorption capacities were observed for the different test influents used. For distilled water and synthetic groundwater, removal levels of 100% were attained for an average of 307 and 314 bed volumes at inflow concentrations of 0.28 and 0.34 mg/L PO43-, respectively. As for tap water and wastewater treated with lime and sodium-alkalized wastewater treated with liquid bittern, 100% removal efficiencies were attained before the start of breakthrough after 205, 94, and 28 bed volumes at inflow phosphate dosages of 0.34, 0.56, and 0.60 mg/L PO43-, respectively. Finally, laboratory experiments conducted to determine the efficacy of iron and aluminum coated media (sand and olivine) in removing low concentrations of phosphates indicated very effective phosphate removals (>90%) when applied to distilled water and synthetic groundwater, and less success when applied to tap water (<80%) and treated wastewater effluents (<70%). 
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Introduction
There is an increasing recognition of the need to utilize available water supplies more efficiently. While the discharge of adequately treated wastewater effluents into surface waters is important for the maintenance of environmental flows, the beneficial reuse of treated wastewater is encouraged to minimize demand on potable water supplies. Consequently, the practice of wastewater effluent reuse is emerging, especially in high water demand sectors such as agriculture. However wastewater effluent reuse for irrigation should abide by specific microbiological and physico-chemical quality guidelines to ensure the protection of human health and the environment. Phosphorus concentrations in treated sewage effluents normally do not exceed 10 mg/L P. In general, application at this rate will be agronomically advantageous without causing any nutrient overloading problems. However, in soils having little ability to retain phosphorus, irrigation with wastewater effluents may cause nutrient overloading and lead to potential contamination of groundwater. Also in areas of intensive agriculture, eutrophication by nutrient-rich agricultural run-offs poses a severe threat to the receiving water quality. During the past five decades, an array of technologies have been used to reduce phosphorus input into the environment. To achieve this, conventional treatment has employed biological (activated-sludge process) and physico-chemical methods (including chemical precipitation, ion exchange, and membranes processes) or a combination of the two in the event that very low concentrations are to be achieved (Nesbitt, 1969; Jenkins et al, 1971; Minton and Carlson, 1972; Ayoub et al., 1986; Jenkins and Hermanowicz, 1991; Metcalf and Eddy, Inc., 1991; Stensel, 1991; Ayoub et al., 1992; and Galarneau and Gehr, 1997). However, most of these treatment processes have been shown to present limitations portrayed by their sensitivity to seasonal and diurnal variations in temperature, changes in feed composition, thermodynamic and kinetic limitations, and elevated costs. 
Concurrent to the biological and chemical precipitation processes and to overcome some of the shortcomings presented by these processes, research was conducted to explore the effectiveness of fixed bed processes for phosphate removal because of the advantages these methods presented in their operational simplicity and adaptability to changing wastewater flows and compositions (Zhao and Sengupta, 1998). Some of the studied sorbents that were reported in the literature included commercial anion exchangers, activated alumina, red mud, zirconium oxides, half-burned dolomite, and aluminum/iron oxide coated filter media (Lloyd and Dean, 1970;  Boari et al., 1976, Liberti et al, 1976; Shannon and Verghese, 1976; Siao and Akashi, 1977; Kavanaugh et al., 1977; Yoshida, 1983; Brattebø and Ødegaard, 1986; Kaneko and Nakajika, 1988; Edwards and Benjamin, 1989; Knocke et al. 1991; Roques et al., 1991; Urano and Tachikawa, 1991; Baily et al., 1992; Benjamin et al., 1996; Chen et al., 1998; Brett et al., 1997; Droste, 1997; Lo and Jeng, 1997; Akay et al., 1998; Zhao and Sengupta, 1998; Scott and Farrah, 2000; Ayoub et al., 2001).

This paper presents a synopsis of various low-cost techniques evaluated by the main author (Ayoub et al., 1992; Ayoub et al., 2001, Ayoub and Kalinian, 2005) for the removal of phosphorus from water and treated wastewaters by the use of 

1. Seawater as a source of magnesium ion which in the presence of hydroxyl ions forms a very effective coagulant.
2.  Raw dolomite as an adsorbent
3. Iron and aluminum coated filter media (sand and olivine) as adsorbents.
Materials and Methods
Seawater Tests
Experiments on seawater flocculation of alkaline wastewater obtained from a pilot scale oxidation pond where a number of chemicals parameters were tested for among which was total phosphorus. 
A jar test apparatus was used in conducting the flocculation tests. Wastewater from the oxidation pond effluent was mixed with seawater under rapid mixing conditions (G = 250s-1). Seawater was added to give a volumetric concentration of 10%. The final liquid volume in each jar was 2.0 L. NaOH was added in varying proportions to each jar to adjust the pH to values ranging between 9.5 and 12. After 1 min of rapid mixing, the rotational speed was reduced to attain slow mixing (G = 22s-1). This was held for 20 min. Finally, a quiescent settling period of 30 min was allowed. At the end of the settling period, 250 mL of supernatant was decanted from each jar and used for water quality analysis. 
The water quality parameters alkalinity, pH, total suspended solids, total phosphorus, total Kjeldahl nitrogen, COD, and salinity were determined according to Standard Methods (APHA et al., 1985). All experiments were conducted at room temperature (25 ± 2°C).
Iron and Aluminum (Hydroxy) Oxide Coated Filter Media Tests

Ottawa sand and olivine (Fisher Scientific, Springfield, New Jersey) were used in the preparation of coated filter media. The graded media (600 to 700 μm diameter) were coated with ferric chloride and aluminum chloride following the procedure previously described by Lukasik et al. (1999) and detailed by Ayoub et al. (2001). The surface areas of uncoated and coated sand and olivine were measured by five-point Brunauer-Emmett-Teller (BET) analysis using krypton adsorbate on the Quantachrome (Boynton Beach, Florida) Autosorb 3B physical adsorption analyzer. The correlation coefficient (R2) of each BET analysis was greater than 0.99. The surface areas for the media were found to be for the uncoated sand 0.1064 ± 0.0028 m2/g; coated sand, 0.6007 ± 0.0576 m2/g; uncoated olivine, 1.8757 ± o.1106 m2/g; and coated olivine, 9.4472 ± 0.6715 m2/g. 
The stock solution was prepared by using potassium diphosphate (KH2PO4) as a source of phosphorus throughout the experiments, except when treated wastewater was used as a test sample.  One liter of stock solution with 100 mg P/L was prepared by dissolving 0.4394 g of KH2PO4 into distilled water. Dilutions were prepared by adding distilled water to the stock solution to achieve the required phosphorus concentrations.

Different test water was used to determine the effect of the characteristics of the water on the effectiveness of the process. The preparation and composition sources of each test batch was described by Ayoub et al. (2001). These are characterized as:
· Distilled (deionized) water (DI)
· Artificial groundwater (AGW)
· Tap water (TW)
· Treated sewage effluent (TSE)
The experimental setup used during the study was composed of four acrylic plastic columns, each 200-mm long and 15.1-mm i.d. which were packed carefully with  dried uncoated and coated sand and olivine, respectively. Two double-headed Masterflex peristaltic pumps (Cole Parmer, Vernon Hills, Illinois) were used to pump the test water from the storage tank in an upflow mode through the columns. The porosity of the packed media was measured at about 37 and 41% for the sand and olivine, respectively. The bulk density, which expresses the weight per unit volume of dry media in the packed column, was measured at the end of each experimental run. This was conducted to verify the uniformity in packing the media for the different experiments. The results indicated an average bulk density of 1.99 g/cm3 for the sand and 2.08 g/cm3 for olivine, with standard deviation of 0.023 and 0.037 g/cm3, respectively. 
Orthophosphate and total phosphorus were measured colorimetrically using a standard Spectronic 20D spectrophotometer (Milton Roy Co., Rochester, New York) and the Hach Test “N” Tube Phosphate Reagent Set (Hach Co., Loveland, Colorado). Calibration curves were prepared for the Test ‘N’ Tube reagents for orthophosphate and total phosphorus.
The test performed on distilled water maintained the same test conditions except for varying flow rates (10, 20, 40, 60 and 80 mL/min). The tests on artificial groundwater, tap water, and treated wastewater were conducted at  a flow rate of 40 mL/min. All experiments were conducted at room temperature (21 ± 1 °C).
Fluidized Raw Dolomite Bed Tests

Dolomite powder resulting from the crushing of dolomite rocks identified to be suitable for this study was used as the adsorbing medium. The dolomite powder passing through the standard sieve number 200 (particle size <0.074 mm), which was determined to be the optimum dolomite size for the study, was analyzed by ion chromatograghy for specific constituents, including chlorides, sulfates, and nitrates. The concentrations of the latter three constituents were found to be 121, 48, and 268 mg/kg, respectively. The other parameters namely, effective size, uniformity coefficient, bulk density, porosity, and zeta potential were determines as 0.0014 mm, 0.023, 1.8 g/mL, 31%, -16.0 MV, respectively. The particle size distribution was determined by the hydrometer method described in the “American Society for Testing and Materials” (ASTM, 2000a).
Several experimental setups were tested to determine the optimal setup. This resulted in adopting the fluidized bed approach. The fluidized-bed setup consisted of a dolomite powder-packed, vertical glass column, 1.5 cm internal diameter and 120 cm long. The test water was pumped upwards to fluidize the powder at a velocity maintained below the terminal velocity to prevent overflow of the dolomite powder from the top end of the column. Solutions were fed into the column through the bottom by means of an external flow-adjustable peristaltic pump (Masterflex, Cole parmer, Vernon Hills, Ollinois). In each experiment, 28.53 g of powder dolomite, with an average packed depth of approximately 10 cm, were used. This provided a total bed volume of 16 mL, with a 5-mL pore volume.
Like for the tests conducted on the Iron and Aluminum (Hydroxy) Oxide Coated Filter Media and in order to assess the effect of the influent characteristics on the phosphate-adsorption process four types of water were used in the preparation of the feed influent, namely the following: distilled water (DW), synthetic ground water (SGW), tap water (TW), and two secondary treated wastewater effluents (STSE). The two types of  STSE used in the study included (1) supernatant produced after chemical treatment using caustic (sodium hydroxide) alkalized wastewater treated with liquid bittern (STSE-B), and (2) supernatant generated from wastewater treated solely with lime flocculation. (STSE-L). The same standards were used for the preparation of orthophosphate solutions using DW, TW, and SGW, as described under section on iron and aluminum coated medium. Five sets of experiments were conducted to cover the following objectives;

1. Determination of optimum experimental flow rate

2. Determination of optimum dolomite particle size range

3. Evaluation of process efficiency, with respect to varying initial phosphate concentration

4. Assessment of influent (DW, TW, SGW, and STSE) characteristics of the efficacy of phosphate adsorption

5. Regeneration of exhausted dolomite. 
Batch-sorption experiments were also conducted to determine the sorption capacity of raw dolomite for phosphate using multi-point isothermal analysis. The adsorptive capacity was determined by incorporating the data obtained to the Freundlich and Langmuir isotherms.
Results and Discussion
Pollutant parameter removal in seawater flocculation
Several water quality parameters in addition to total phosphate were measured in the experiment with oxidation pond effluent. These parameters include suspended solids, TKN, COD, and filterable COD. The role of magnesium and calcium in seawater flocculation was also evaluated. The pollutant removal efficiencies are depicted from Fig. 1. Also the figure shows the variation in concentration of magnesium and calcium with pH. 

[image: image1.emf]0

0.1

0.2

0.3

0.4

0.5

0.6

0 50 100 150 200 250 300 350 400 450 500

Pore Volume (number)

PO4-P concentration (mg/L)

Uncoated Sand

Coated Sand

Uncoated Olivine

Coated Olivine



Fig 1. Pollutant removal efficiency in relation to filterable magnesium an calcium concentrations in oxidation pond effluent following seawater flocculation. Seawater concentration = 10%; initial pH was adjusted using caustic soda. 
The top of Fig 1 shows that removal of total phosphorus, TKN, COD and filterable COD was well correlated with TSS removal which at a pH of 11.4 attained more than 95% removal. Total phosphorus removal levels of more than 90% were attained, while TKN, COD, and filterable COD reached removal levels of 62%, 72% and 60%, respectively. Comparing the top and bottom of Fig. 1, it noted that these maximum removal levels of all the parameters coincided with the reduction in magnesium at pH 11.4, whereas calcium remains essentially unchanged. These data indicate that magnesium precipitation is primarily responsible for the observed pollutant removals and that calcium plays little or no role in the phenomenon. It can be seen from the figure that precipitation of 2.5 g equiv m-3 of magnesium is sufficient to achieve good flocculation. Furthermore, since more magnesium is lost at the higher pH’s, it seems likely that precipitation of magnesium hydroxide is involved in the removal process. 
Phosphorous removal levels in iron and aluminum (hydroxy) oxide coated filter media.
The effect of the coated media on the removal of PO4-P from DI water at different flow rates (10, 20, 40, 60, and 80 mL/min) has shown that while limited adsorption is effected through uncoated olivine, uncoated sand has exhibited no adsorption of PO4-P (Fig.2).
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Fig. 2  Variation of  PO4-P concentration from DI water with pore volume (flow=10mL/min)
For this reason the tests on the uncoated sand were discontinued while those on uncoated olivine were continued but were also stopped at a later stage as the results were not of any significance to warrant further testing. Comparatively, the coated media exhibited high adsorption levels as the average PO4-P removals over 348 and 245 pore volumes for sand and olivine, respectively, exceeded 90% (Table 1, Fig. 3). 
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	10
	0.048
	0.014
	348
	355
	0.05
	0.012
	245
	249

	20
	0.049
	0.008
	278
	298
	0.053
	0.008
	333
	366

	40
	0.061
	0.008
	228
	255
	0.057
	0.013
	368
	380

	60
	0.049
	0.007
	161
	189
	0.046
	0.011
	374
	398

	80
	0.05
	0.004
	137
	173
	0.043
	0.012
	370
	396

	 
	 
	 
	 
	 
	 
	 
	 
	 

	a Value of pore volume at last reading before breakthrough
	
	
	

	bInterpolated value of pore volume to efflent concentration of 0.1 mg/L
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DI

10

0.565

0.048

2.5

0.033

0.05

1.7

0.026

20

0.502

0.049

4.2

0.023

0.053

4.4

0.029

40

0.502

0.061

3.2

0.019

0.057

4.9

0.032

60

0.517

0.049

2.3

0.016

0.046

5

0.034

80

0.517

0.05

1.95

0.012

0.043

5

0.034

AGW

40

0.529

0.025

3.55

0.021

0.03

2.2

0.016

TW

40

0.513

0.163

3.25

0.015

0.205

3.4

0.015

TSE

40

0.521

0.273

3.26

0.011

0.204

3.4

0.015

a 

DI=Distilled Water, AGW= Artificial ground water, TW= Tap Water, and TSE=Treated Wastewater Effluent

b

 Adsorption capacity for DI and AGW is calculated based on average of readings taken up to breakthrough (0.1 mg/L), while for TW and TSE, it is calculated based on average of readings taken up to 250 pore volumes for sand and olivine.

mg/L). For TW and TSE, it is calculated based on average of readings taken upto 250 pore volumes.

Sand

Olivine


Fig. 3 Variation of PO4-P from DI with pore volume (flow = 40mL/min)

The results show that the average PO4-P concentration in the effluent at different flow rates is 0.051 ±0.0048 mg/L for sand and 0.050 ±0.0049 mg/L for olivine ensuing in phosphate removal efficiencies of 90.1% ±1.22 Mg/L and 90.4% ±1.19 mg/L for sand and olivine, respectively. Varying the flow rates did not show to have an effect on the PO4-P removal levels for the two media (Table1). However it is noted that the pore volumes were significantly affected in that the number of pore volumes attained before breakthrough decreased for sand and increased for olivine with increase in flow rates. This variation is clearly noted in Figure 4. 
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Fig. 4  Variation of number of pore volumes with flow rate (DI) to reach breakthrough at 0.1 mg/L

The decrease in pore volumes with increased flow rates has been reported to occur with coated sand [Pandya, 1999], however the behavior of olivine seems to indicate favorable characteristics of this material compared to sand. Rationalization for this behavior is further indicated by Ayoub et al (2001).

It is reported that phosphate breakthrough from fixed-bed columns always occurred in less than two hundred pore volumes [Zhao and Sengupta, 1998]. A particular advantage exhibited by the use of olivine is in the number of pore volumes (in excess of 350) that could be attained before the breakthrough of phosphate. What is also important is that these pore volumes could be attained while operating at very high flow rates (about 27 m/h).

The results of the tests on the other types of test water (AWG, TW, and TSE) were not as successful as the results obtained for DI water (Figures 5 to 7). Good phosphorus removal levels (95% for sand and 94% for olivine) were attained from AWG. The average PO4-P values in the effluent before breakthrough were 0.025 ± 0.0073 mg/L for sand and 0.030 ± 0.0054 mg/L for olivine. The pore volumes attained before phosphorus breakthrough in the case of sand were about the same range attained with DI water, however, for olivine the numbers dropped down to less than half.
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Fig. 5 Variation of PO4-P concentration from AGW with pore volume (flow = 40 mL/min)
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Fig. 6 Variation of PO4-P concentration from TW with pore volume (flow = 40 mL/min)
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Fig. 7 Variation of T P concentration from TSE with pore volume (flow = 40 mL/min)

For TW and TSE, the results indicated a major reduction in phosphate removal values in that at no instance did the phosphate (total phosphorous  in the case of TSE) concentration in the effluent reach below 0.1mg/L. or over 80% removal. For TW, the average phosphate concentrations in the effluent calculated to about 230 pore volumes for sand and 250 pore volumes for olivine are 0.163 ± 0.0728 mg/L and 0.205 ± 0.0960 mg/L, respectively. Expressed in removal levels, the values are about 68% and 60%, respectively. For TSE, total phosphorus (TP) and orthophosphate were measured (Figures 7 and 8). The average total phosphorus (in biologically treated sewage these are mostly present in the form of PO4-P) concentrations in the effluents to about 230 pore volumes for sand and 250 pore volumes for olivine are 0.273 ± 0.0220 mg/L and 0.204 ± 0.0227 mg/L, respectively. The resulting removal levels are about 48% and 60%, respectively.
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Fig. 8 Variation of PO4-P concentration from TSE with pore volume (flow = 40 mL/min)
The results clearly indicate that the process has been adversely affected, most probably, by competing species present in the AGW, TW, and TSE, which demonstrates the poor selectivity that the medium has over the competing species. Dissolved chemicals such as sulfate, chloride, nitrate, bicarbonate and dissolved organic matter have been reported to act as competing species relative to phosphorus [Zhao and Sengupta, 1998]. Among these chemicals, SO42- ions seem in this study to act as the main competing chemical. It is noted that the concentrations of SO42- vary from zero mg/L in the DI water to 32 mg/L in AGW, to 78 mg/L in TW, and to 153 in TSE. These concentrations correlate well with the pace of deterioration in phosphate removal efficiencies and the adsorption capacities for phosphate removal 

Table 2 summarizes results for pore volumes per gram of filter medium and the adsorption capacity of the medium. These were calculated based on average effluent PO4-P concentrations of less than 0.1 mg/L (before start of breakthrough) and the corresponding pore volumes. Values for TW and TSE were not calculated because all through the effluent PO4-P concentration was above 0.1 mg/L and thus could not be used for comparison. For DI water, the average pore volume per gram of the sand medium is 2.83 ± 0.8 and that of olivine is 4.20 ±1.27. The adsorption capacity is 0.021 ± 0.007and 0.031 ± 0.003 mg PO4-P/g of sand and olivine, respectively. As for AGW,  the values  for  the  pore  volume/g and

the adsorption capacity for sand are in the range of the values for DI, however for olivine the values are relatively low.

Effluent pH measurements for the different tested waters showed very minor changes. Tests results for iron and aluminum were also negative (iron < 0.1mg/L and aluminum < 0.2 mg/L) through out a complete run on coated sand and coated olivine operated at a flow rate of 40 mL/min. This indicates the absence of any release of iron or aluminum from the [image: image13.emf]0
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coating.

Phosphorus removal levels in fluidized dolomite bed
The phosphate removal patterns by dolomite from the different types of test influents were assessed using optimal experimental conditions established throughout the course of the study. Key process variables including flow rate and dolomite particle size set at 5 mL/min and <200 (<0.074mm), respectively, were held constant during the assessment of influent characteristics on the efficacy of phosphate adsorption. Varying degrees of phosphate adsorption capacities were observed by the different test influents being employed.
 Dolomite exhibited excellent phosphate removal levels for influents prepared with distilled water. Complete (100%) removal of low phosphate concentrations was achieved during the first 295-319 bed volumes of the treated effluent, after which breakthrough of the adsorbent was realized. The breakthrough curve for DW (Fig. 9) represents the average of two experiments. Breakthrough occurring at about 319 bed volumes at an inflow concentration of 0.28 mg PO4/L, resulted in a relative adsorption of 0.060 mg P /g  dolomite.  
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Fig. 9  Phosphate breakthrough curve for DW (average of two experiments

Similar to DW, a 100% phosphate removal was achieved for SGW during the first 314 bed volumes as shown in Figure 10. Total adsorptive capacity of dolomite for SGW influent with initial phosphate concentration of 0.34 mg/L, was about 0.072 mg PO4 /g of adsorbent over 459 bed volumes. The degree of phosphate adsorption from the SGW test influent was very favorable as compared to the DW influent despite the presence of anions such as sulfates, chlorides, bicarbonates and nitrates in concentrations corresponding to 20, 3.6, 8.6 and 3.7 mg/L, respectively. Anions at relatively low concentrations did not seem to preferentially compete with phosphate for adsorption sites.
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Fig. 10  Phosphate breakthrough curve for SGW (average of two readings)

After a total of about 157 bed volumes of influent treated, a sharp phosphate breakthrough occurred as shown in Fig. 11. The bed volumes attained before breakthrough were about half of those attained with DW or SGW. This was attributed to the competing effect of naturally dissolved anionic species present in tap water such as sulfates (58 mg/L), chlorides (214 mg/L) and carbonates (180 mg/L). Total adsorptive capacity of dolomite for tap water with an initial phosphate concentration of 0.34 mg/L was about 0.050 mg PO4/g of dolomite over 300 bed volumes. 
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Fig. 11 Phosphate breakthrough curve for TW (average of two experiments)

Experiments with STSE were performed to determine the phosphate removal efficiency and to investigate the effect of interfering compounds present in the treated wastewater on the adsorption of phosphates by dolomite powder. Fresh samples of municipal wastewater were treated by the use of 4% caustic soda and liquid bittern to produce STSE-B or alternately treated by using 5% slaked lime as coagulant to produce STSE-L. The amount of liquid bittern added corresponded to an Mg2+ dose of 107 mg/L  The chemical treatment processes besides removing suspended solids and generating a clear effluent solution, also reduced the initial phosphate concentration to levels ranging between 0.5-1.0 mg PO4/L. 

Phosphorus removal from STSE-B influents was relatively unsuccessful as compared to the STSE-L influent. Results obtained with the STSE-B influent indicated major reduction in phosphate adsorption efficiencies. Complete removal of phosphate from STSE-B at initial phosphate concentration of 0.410 mg/L was attained over 28 bed volumes only, in contrast to STSE-L where 100% phosphate removal was sustained over about 94 bed volumes. Removal from STSE-B at higher initial concentrations (0.796 mg/L) did at no instance reach 100%. Total exhaustion of the dolomite bed was attained at 211 and 244 bed volumes of STSE-B and STSE-L influents, respectively. Fig. 12 demonstrates the breakthrough curves of STSE-B and STSE-L.
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Fig. 12  Phosphate breakthrough curves of STSE influents

Adsorptive capacities of dolomite for STSE-B and STSE-L at initial phosphate concentrations of 0.60 and 0.56 mg/L, were in the range of 0.025 and 0.051 mg PO4/g of dolomite, respectively. The twofold decrease in the adsorptive capacity of dolomite when using STSE-B is attributed to the presence of dissolved species in relatively high concentrations that promote preferential adsorption of competing compounds which leave fewer adsorption sites for phosphates removal. Phosphate adsorptive capacity of dolomite with the various test influents employed is shown in Fig. 13.
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Fig 13  Adsorptive capacity of dolomite using various test influents.
It can be clearly observed from Fig. 13 that dolomite demonstrates similar adsorptive capacity for STSE-L and TW. This observation seems to contradict the concept of dissolved-ion competing effect. While STSE-L chloride concentration is in the range of 1500 mg/L as opposed to 214 mg/L for TW, sulfate concentration in STSE-L (131 ppm) is more than twice that in the TW (58 ppm). The two-fold difference in sulfate concentration was not sufficient to generate competition with phosphate adsorption sites and hence affect phosphate fixation. This confirms that sulfate ions are responsible in producing the greatest suppression effect only at increased concentrations.
Conclusions
The conclusions that are derived from the studies conducted on the efficacy of phosphate removal using low cost materials such as sea water as a coagulant, coated filter media and raw powder dolomite as adsorbents may be presented as follows:
· The use of seawater as a coagulant in alkaline wastewater is highly efficient for suspended solids and phosphate removal. Greater than 92 % phosphate removal maybe attained. It is also effective in the removal of particular forms of COD and nitrogen. Seawater serves as a source of magnesium ion, which precipitates as magnesium hydroxide at high pH.
· Iron and aluminum (hydroxyl) oxide coated filter media (sand and olivine) were successful in removing concentrations of phosphates (0.5 mg/L) to less than 0.1 mg/L  from  water not laden with high concentrations of competing chemicals such as sulfates, nitrates, bicarbonates, chlorides and organic matter. In the case of DW and AGW removals of greater than 90% (effluent concentrations less than 0.05 mg/L) for a large number of pore volumes before breakthrough. Furthermore these results may be attained with the system operating at flows as high as 27 m3/m2.h. Although uncoated olivine demonstrated limited phosphate adsorption properties, uncoated sand showed the absence of any such properties. Overall, coated olivine has shown to be a more effective adsorbing medium compared to coated sand.
· Powder dolomite exhibited excellent phosphate removal properties when use with DW and SWG influents (100 % removal with breakthrough at 319 and 314 bed volumes) . Bed volumes attained before breakthrough for TW influent was about half of those attained with DW and SWG. Dolomite adsorption efficiencies attained when using lime-treated wastewater influent (STSE-L) were two time higher than those attained with bittern-treated wastewater influent (STSE-B).
· The levels of removal of phosphate are a function of the presence and concentration of competing chemicals in the water.
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TSE
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a 

DI=Distilled Water, AGW= Artificial ground water, TW= Tap Water, and TSE=Treated Wastewater Effluent

b

 Adsorption capacity for DI and AGW is calculated based on average of readings taken up to breakthrough (0.1 mg/L), while for TW and TSE, it is calculated based on average of readings taken up to 250 pore volumes for sand and olivine.

mg/L). For TW and TSE, it is calculated based on average of readings taken upto 250 pore volumes.
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		BED VOLUMES				10ml/min		5ml/min

		0		0

		15		4.7		90		89.0

		30		9.4		95		97.0

		45		14.1		89		100.0

		60		18.8		92		99.0

		75		23.4		85		96.0

		90		28.1		78		99.0

		105		32.8		72		99.0

		120		37.5		62		100.0

		135		42.2		59		98.0

		150		46.9		41		88.0

		165		51.6		36		83.0

								8/18		10		11 title		times new





figure 4.1

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



10 ml/min

5 ml/min

Number of bed volumes

P-PO4 removal (%)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



figure 4.2

				<200		140-200		100-140		80-100		>80

		0

		9.4		97.0		90.3		77.2		76.1		93.8

		14.1		95.3		88.4		74.8		91.2		94.2

		18.8		100.0		89.7		88.0		80.6		87.8

		23.4		97.4		77.6		85.0		69.9		84.6

		28.1		93.7		81.1		88.3		58.9		73.8

		32.8		97.2		82.0		85.9		60.1		64.7

		37.5		95.4		77.5		75.2		63.8		61.4

		42.2		85.8		82.9		64.4		57.1		48.5

		46.9		91.9		75.8		59.9		41.7		47.9

		51.6		84.1		63.4		56.9		46.6		35.5





figure 4.2

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



<200

140-200

100-140

80-100

>80

Number of bed volumes

P-PO4 removal (%)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



FIGURE 4.3

		0		0.283		0.657		0.9772727273

		9.4		0		0.073		0.0032467532

		14.1		0		0.013		0

		18.8		0		0.034		0

		23.4		0		0.000		0

		28.1		0		0.000		0.0162337662

		32.8		0		0.000		0

		37.5		0		0.000		0.0340909091

		42.2		0		0.015		0.0324675325

		46.9		0		0.023		0.0308441558

				100%		96.5%		96.8%





FIGURE 4.3

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



0.283 mg/L

0.657 mg/L

0.977 mg/L

Number of bed volumes

P-PO4 concentration (mg/L)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



FIGURE 4.4

		

		0.0		0.335		0.626038961		0.8449350649

		9.4		0		0.0357142857		0.1038961039

		14.1		0		0		0.0010822511

		18.8		0		0		0.0205627706

		23.4		0		0		0.0162337662

		28.1		0		0.0032467532		0.0270606061

		32.8		0		0		0.0205627706

		37.5		0		0.0048701299		0.0734718615

		42.2		0		0.0016233766		0.0518961039

		46.9		0		0.0048701299		0.0572337662

				100		99.2%		93.2%





FIGURE 4.4

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



0.335 mg/L

0.626 mg/L

0.845 mg/L

Number of bed volumes

P-PO4 concentration (mg/L)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



FIGURE 4.5

		0.0		0.34		0.8217748918		1.0545454545

		9.4		0		0.0497835498		0.038961039

		14.1		0		0		0.0246753247

		18.8		0		0.0054112554		0.0987012987

		23.4		0		0.0324675325		0.0493506494

		28.1		0		0.1114718615		0.0772727273

		32.8		0		0.0443722944		0.1123376623

		37.5		0		0.0963203463		0.2383116883

		42.2		0		0.1893939394		0.262987013

		46.9		0		0.1471861472		0.2071428571

				100%		0.8208923774		80.36%

												19.64





FIGURE 4.5

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



0.350 mg/L

0.822 mg/L

1.055 mg/L

Number of bed volumes

P-PO4 concentration (mg/L)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



FIGURE 4.6 a
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figure 4.6 b
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FIGURE 4.6 c

								0.35		0.822		1.055

								92		82.1		80.4





FIGURE 4.6 c

		0

		0

		0



TW P-PO4 concentration (mg/L)

P-PO4 removal efficiency (%)

92.0

0

0

0



figure 4.7
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figure 4.8

		DW

				average adjusted		average not adjusted		adjusted

		0		7.2		6.7		7.9

		9.4		9.3		9.2		8.7

		14.1		9.5		9.3		8.8

		18.8		9.5		9.3		8.9

		23.4		9.5		9.4		8.9

		28.1		9.6		9.4		8.9

		32.8		9.6		9.4		8.9

		37.5		9.6		9.4		8.9





figure 4.8

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



pH 7.2

pH 6.7

pH 7.9

Number of bed volumes

pH value

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



figure 4.9 a
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figure 4.9 b

		Ca

				TW average Ca		SGW average Ca		DW avg. Ca

				TW		SGW		DW

		0		178		20		33

		9.4		180		40		47

		14.1		173		37		44

		18.8		180		37		42

		23.4		164		33		40

		28.1		170		30		42

		32.8		171		30		45

		37.5		164		27		40

		42.2		171		30		43
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fig 4.10 a

		CONDUCTIVITY

				DW		SGW		TW

		0		128		157		515

		9.4		265		263		598

		14.1		181		230		567

		18.8		173		211		552

		23.4		159		205		547

		28.1		156		188		545

		32.8		155		187		538

		37.5		152		188		544

		42.2		151		191		541

		46.9		152		180		548
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fig 4.10 b

		TOTAL DISSOLVED SOLIDS

				DW		SGW		TW

		0		63.1		78.2		257.1

		9.4		131.3		131.3		299.8

		14.1		97.6		115.7		283.4

		18.8		87.7		105.1		276.7

		23.4		80.6		102.4		277.1

		28.1		82.4		94.1		272.7

		32.8		82.6		93.9		269.3

		37.5		80.4		94.2		272.0

		42.2		81.6		95.3		270.1

		46.9		80.4		90.7		274.1
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fig 4.11

		SO4

				DW		SGW		TW

		0		19		46		58

		9.4		33		60		66

		14.1		30		54		62

		18.8		27		52		64

		23.4		27		51		57

		28.1		32		50		60

		32.8		23		48		60

		37.5		21		47		59

		42.2		25		47		61

		46.9		23		49		59

		51.6		25		48		59

		56.3		23		46		59
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fig 4.12

				STSE-L		STSE-B
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fig 4.13

		DW breakthrough

				average

		0.0		0.2830

		18.8		0.0000

		37.5		0.0000

		56.3		0.0000

		75.0		0.0000

		93.8		0.0000

		112.5		0.0000

		131.3		0.0000

		150.0		0.0000

		168.8		0.0000

		187.5		0.0000

		206.3		0.0000

		225.0		0.0000

		243.8		0.0000

		271.9		0.0000

		283.6		0.0000

		297.7		0.0000

		309.4		0.0145

		321.1		0.0243

		325.8		0.0960

		337.5		0.0925

		349.2		0.0730

		363.3		0.0996

		372.7		0.0820

		382.0		0.0850

		391.4		0.1405

		400.8		0.0855

		410.2		0.0855

		419.5		0.2080

		428.9		0.2475

		435.9		0.2435

		438.3		0.2920
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fig 4.14

		SGW breakthrough

				average

		0.0		0.335

		18.8		0

		37.5		0

		56.3		0

		75.0		0

		93.8		0

		112.5		0

		131.3		0

		150.0		0

		168.8		0

		187.5		0

		206.3		0

		225.0		0

		229.7		0

		234.4		0

		239.1		0

		243.8		0

		248.4		0

		253.1		0

		257.8		0

		262.5		0

		267.2		0

		271.9		0

		276.6		0

		281.3		0

		285.9		0

		290.6		0

		295.3		0

		300.0		0

		304.7		0

		309.4		0.0065

		314.1		0.01135

		318.8		0.0195

		323.4		0.0356

		328.1		0.02885

		332.8		0.047

		337.5		0.0435

		342.2		0.03398

		346.9		0.04348

		351.6		0.091

		356.3		0.124

		365.6		0.1515

		375.0		0.117

		384.4		0.157

		393.8		0.1695

		403.1		0.209

		412.5		0.215

		421.9		0.258

		431.3		0.2845

		440.6		0.2975

		450.0		0.3235
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fig 4.15

		TW breakthrough

				average

		0.0		0.34

		18.8		0

		37.5		0

		56.3		0

		75.0		0

		93.8		0

		112.5		0

		131.3		0

		150.0		0

		168.8		0.0275

		187.5		0.0365

		206.3		0.0065

		225.0		0.0552

		234.4		0.0663

		243.8		0.03895

		253.1		0.0778

		262.5		0.10545

		271.9		0.1365

		281.3		0.182

		290.6		0.245

		300.0		0.3225

		309.4		0.334





fig 4.16

		STSE- breakthrough				LIME		BITTERN

				0		0.5585		0.41

				9				0.27				34

				14				0.039				90

				19		0.0000		0.0097		100		98

				23				0				100

				28		0.0000		0		100		100

				33				0.156				62

				38		0.0000				100

				42				0.159				61

				47		0.0000				100

				52				0.192				53

				56		0.0000				100

				61				0.169				59

				66		0.0000				100

				70				0.175				57

				75		0.0000				100

				80				0.175				57

				84		0.0000				100

				89				0.172				58

				94		0.0000				100

				98				0.179				56

				103		0.0145				97

				108				0.218				47

				113		0.0210				96

				117				0.224				45

				122		0.0505				91

				127				0.205				50

				131		0.0580				90

				136				0.175				57

				141		0.2000				64

				145				0.184				55

				150		0.2100				62		100

				155				0.182				56

				159		0.2150				62

				164				0.185				55

				169		0.2375				57

				173				0.24				41

				178		0.3450				38

				183				0.251				39

				188		0.3710				34

				192				0.354				14

				197		0.4505				19

				202				0.387				6

				206		0.4925				12

				211				0.397				3

				216		0.5125				8

				225		0.5030				10

				234		0.5540				1

				244		0.5590				0





fig 4.17

		Adsorptive capacity

		DW		0.06

		SGW		0.072

		TW		0.050

		STSE-B		0.025

		STSE-L		0.051





fig 4.18

		Regeneration

		94		0.7

		103		0.75

		113		0.89

		122		0.94

		131		0.98

		145		0.36

		150		0.17

		155		0.064

		159		0

		164		0

		169		0

		173		0

		178		0

		188		0

		197		0

		206		0

		220		0.509

		225		0.697

		230		0.94

		234		0.95





fig 4.19

		Freundlich

		Log c		log X/M

		0.8459657615		-0.9853114881

		0.7032913781		-1.0409586077

		0.4438885468		-1.0412132139

		0.2570062179		-1.1083064697

		0.0696680969		-1.1712885582

		-0.1203307944		-1.2295407485

		-0.343901798		-1.2817593696

		-0.4894549898		-1.3336692557





fig 4.20

		

		Freundlich

		Cf		q

		7.01		0.1067225815

		5.05		0.0980497139

		2.78		0.0840466486

		1.81		0.0752150519

		1.17		0.0672932532

		0.76		0.0601107035

		0.45		0.0526344988

		0.32		0.0482744982





Fig 4.21

		Langmuir

		1/Cf		1/q

		0.1425719989		9.6674400619

		0.198019802		10.989010989

		0.3598416697		10.9954552118

		0.5533421868		12.8323580741

		0.8517887564		14.8350344173

		1.3192612137		16.9644876725

		2.2075055188		19.1319558325

		3.0864197531		21.56101768





fig 4.22

		Langmuir

		Cf		q

		7.01		0.0916116877

		5.05		0.0898154956

		2.78		0.0849543314

		1.81		0.079790354

		1.17		0.0729510082

		0.76		0.0643158267

		0.45		0.0525064

		0.32		0.044433406
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figure 4.1

		BED VOLUMES				10ml/min		5ml/min

		0		0

		15		4.7		90		89.0

		30		9.4		95		97.0

		45		14.1		89		100.0

		60		18.8		92		99.0

		75		23.4		85		96.0

		90		28.1		78		99.0

		105		32.8		72		99.0

		120		37.5		62		100.0

		135		42.2		59		98.0

		150		46.9		41		88.0

		165		51.6		36		83.0

								8/18		10		11 title		times new
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figure 4.2

				<200		140-200		100-140		80-100		>80

		0

		9.4		97.0		90.3		77.2		76.1		93.8

		14.1		95.3		88.4		74.8		91.2		94.2

		18.8		100.0		89.7		88.0		80.6		87.8

		23.4		97.4		77.6		85.0		69.9		84.6

		28.1		93.7		81.1		88.3		58.9		73.8

		32.8		97.2		82.0		85.9		60.1		64.7

		37.5		95.4		77.5		75.2		63.8		61.4

		42.2		85.8		82.9		64.4		57.1		48.5

		46.9		91.9		75.8		59.9		41.7		47.9

		51.6		84.1		63.4		56.9		46.6		35.5
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FIGURE 4.3

		0		0.283		0.657		0.9772727273

		9.4		0		0.073		0.0032467532

		14.1		0		0.013		0

		18.8		0		0.034		0

		23.4		0		0.000		0

		28.1		0		0.000		0.0162337662

		32.8		0		0.000		0

		37.5		0		0.000		0.0340909091

		42.2		0		0.015		0.0324675325

		46.9		0		0.023		0.0308441558

				100%		96.5%		96.8%





FIGURE 4.3
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FIGURE 4.4

		

		0.0		0.335		0.626038961		0.8449350649

		9.4		0		0.0357142857		0.1038961039

		14.1		0		0		0.0010822511

		18.8		0		0		0.0205627706

		23.4		0		0		0.0162337662

		28.1		0		0.0032467532		0.0270606061

		32.8		0		0		0.0205627706

		37.5		0		0.0048701299		0.0734718615

		42.2		0		0.0016233766		0.0518961039
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FIGURE 4.5
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FIGURE 4.6 a
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figure 4.6 b
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FIGURE 4.6 c

								0.35		0.822		1.055

								92		82.1		80.4





FIGURE 4.6 c
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figure 4.7

		pH

				DW		SGW		TW		STSE-B		STSE-L

		0		7.30		7.21		7.31		7.53		7.27

		9.4		9.05		9.09		8.12		7.95		8.15

		14.1		9.19		9.31		8.07		8.03		8.29

		18.8		9.22		9.30		8.08		7.94		8.36

		23.4		9.23		9.32		8.05		8.02		8.38

		28.1		9.26		9.26		8.06		8.03		8.37

		32.8		9.26		9.18		8.04		8.10		8.38

		37.5		9.25		9.33		8.03		7.95		8.35

		42.2		9.26		9.29		8.02		8.06		8.39

		46.9		9.15		9.23		8.03		8.05		8.37
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figure 4.8

		DW

				average adjusted		average not adjusted		adjusted

		0		7.2		6.7		7.9

		9.4		9.3		9.2		8.7

		14.1		9.5		9.3		8.8

		18.8		9.5		9.3		8.9

		23.4		9.5		9.4		8.9

		28.1		9.6		9.4		8.9

		32.8		9.6		9.4		8.9

		37.5		9.6		9.4		8.9
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figure 4.9 a

		Mg

				TW average Mg		SGW average Mg		DW average Mg

				TW		SGW		DW

		0		39		23		31

		9.4		61		50		57

		14.1		58		37		50

		18.8		49		37		52

		23.4		67		40		44

		28.1		64		43		47

		32.8		61		37		45

		37.5		62		43		44

		42.2		53		40		40

		46.9		66		40		44
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figure 4.9 b

		Ca

				TW average Ca		SGW average Ca		DW avg. Ca

				TW		SGW		DW

		0		178		20		33

		9.4		180		40		47

		14.1		173		37		44

		18.8		180		37		42

		23.4		164		33		40

		28.1		170		30		42

		32.8		171		30		45

		37.5		164		27		40

		42.2		171		30		43
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fig 4.10 a

		CONDUCTIVITY

				DW		SGW		TW

		0		128		157		515

		9.4		265		263		598

		14.1		181		230		567

		18.8		173		211		552

		23.4		159		205		547

		28.1		156		188		545

		32.8		155		187		538

		37.5		152		188		544

		42.2		151		191		541

		46.9		152		180		548





fig 4.10 a
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fig 4.10 b

		TOTAL DISSOLVED SOLIDS

				DW		SGW		TW

		0		63.1		78.2		257.1

		9.4		131.3		131.3		299.8

		14.1		97.6		115.7		283.4

		18.8		87.7		105.1		276.7

		23.4		80.6		102.4		277.1

		28.1		82.4		94.1		272.7

		32.8		82.6		93.9		269.3

		37.5		80.4		94.2		272.0

		42.2		81.6		95.3		270.1

		46.9		80.4		90.7		274.1
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fig 4.11

		SO4

				DW		SGW		TW

		0		19		46		58

		9.4		33		60		66

		14.1		30		54		62

		18.8		27		52		64

		23.4		27		51		57

		28.1		32		50		60

		32.8		23		48		60

		37.5		21		47		59

		42.2		25		47		61

		46.9		23		49		59

		51.6		25		48		59

		56.3		23		46		59
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fig 4.12
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fig 4.13

		DW breakthrough

				average
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		112.5		0.0000

		131.3		0.0000

		150.0		0.0000

		168.8		0.0000

		187.5		0.0000

		206.3		0.0000

		225.0		0.0000

		243.8		0.0000

		271.9		0.0000

		283.6		0.0000

		297.7		0.0000

		309.4		0.0145

		321.1		0.0243

		325.8		0.0960

		337.5		0.0925

		349.2		0.0730

		363.3		0.0996

		372.7		0.0820

		382.0		0.0850

		391.4		0.1405

		400.8		0.0855

		410.2		0.0855

		419.5		0.2080

		428.9		0.2475

		435.9		0.2435

		438.3		0.2920
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fig 4.14

		SGW breakthrough

				average

		0.0		0.335
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		37.5		0

		56.3		0
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		309.4		0.0065

		314.1		0.01135

		318.8		0.0195

		323.4		0.0356

		328.1		0.02885

		332.8		0.047

		337.5		0.0435

		342.2		0.03398

		346.9		0.04348

		351.6		0.091

		356.3		0.124

		365.6		0.1515

		375.0		0.117

		384.4		0.157

		393.8		0.1695

		403.1		0.209

		412.5		0.215

		421.9		0.258

		431.3		0.2845

		440.6		0.2975

		450.0		0.3235





fig 4.14
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fig 4.15

		TW breakthrough

				average
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		168.8		0.0275
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		206.3		0.0065

		225.0		0.0552
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		243.8		0.03895

		253.1		0.0778

		262.5		0.10545

		271.9		0.1365

		281.3		0.182

		290.6		0.245

		300.0		0.3225

		309.4		0.334
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fig 4.16

		STSE- breakthrough				LIME		BITTERN
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				244		0.5590
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fig 4.17

		Adsorptive capacity

		DW		0.06

		SGW		0.072

		TW		0.050

		STSE-B		0.025

		STSE-L		0.051





fig 4.18

		Regeneration
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		145		0.36

		150		0.17
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		169		0
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		178		0

		188		0

		197		0

		206		0

		220		0.509

		225		0.697

		230		0.94

		234		0.95





fig 4.19

		Freundlich

		Log c		log X/M

		0.8459657615		-0.9853114881

		0.7032913781		-1.0409586077
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		0.0696680969		-1.1712885582
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		-0.343901798		-1.2817593696

		-0.4894549898		-1.3336692557





fig 4.20

		

		Freundlich

		Cf		q
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Fig 4.21

		Langmuir

		1/Cf		1/q
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fig 4.22

		Langmuir

		Cf		q

		7.01		0.0916116877

		5.05		0.0898154956

		2.78		0.0849543314

		1.81		0.079790354

		1.17		0.0729510082
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		0.45		0.0525064

		0.32		0.044433406
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figure 4.1

		BED VOLUMES				10ml/min		5ml/min

		0		0

		15		4.7		90		89.0

		30		9.4		95		97.0

		45		14.1		89		100.0

		60		18.8		92		99.0

		75		23.4		85		96.0

		90		28.1		78		99.0

		105		32.8		72		99.0

		120		37.5		62		100.0

		135		42.2		59		98.0

		150		46.9		41		88.0

		165		51.6		36		83.0

								8/18		10		11 title		times new
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figure 4.2

				<200		140-200		100-140		80-100		>80
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		14.1		95.3		88.4		74.8		91.2		94.2
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		37.5		95.4		77.5		75.2		63.8		61.4

		42.2		85.8		82.9		64.4		57.1		48.5

		46.9		91.9		75.8		59.9		41.7		47.9

		51.6		84.1		63.4		56.9		46.6		35.5
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FIGURE 4.3

		0		0.283		0.657		0.9772727273

		9.4		0		0.073		0.0032467532

		14.1		0		0.013		0

		18.8		0		0.034		0

		23.4		0		0.000		0
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		32.8		0		0.000		0
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				100%		96.5%		96.8%
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FIGURE 4.4

		

		0.0		0.335		0.626038961		0.8449350649
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FIGURE 4.5

		0.0		0.34		0.8217748918		1.0545454545
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		32.8		0		0.0443722944		0.1123376623

		37.5		0		0.0963203463		0.2383116883

		42.2		0		0.1893939394		0.262987013

		46.9		0		0.1471861472		0.2071428571

				100%		0.8208923774		80.36%

												19.64
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FIGURE 4.6 a
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FIGURE 4.6 a
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figure 4.6 b
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FIGURE 4.6 c
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figure 4.7

		pH

				DW		SGW		TW		STSE-B		STSE-L

		0		7.30		7.21		7.31		7.53		7.27

		9.4		9.05		9.09		8.12		7.95		8.15

		14.1		9.19		9.31		8.07		8.03		8.29

		18.8		9.22		9.30		8.08		7.94		8.36

		23.4		9.23		9.32		8.05		8.02		8.38

		28.1		9.26		9.26		8.06		8.03		8.37

		32.8		9.26		9.18		8.04		8.10		8.38

		37.5		9.25		9.33		8.03		7.95		8.35

		42.2		9.26		9.29		8.02		8.06		8.39

		46.9		9.15		9.23		8.03		8.05		8.37
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figure 4.8

		DW

				average adjusted		average not adjusted		adjusted

		0		7.2		6.7		7.9

		9.4		9.3		9.2		8.7

		14.1		9.5		9.3		8.8

		18.8		9.5		9.3		8.9

		23.4		9.5		9.4		8.9

		28.1		9.6		9.4		8.9

		32.8		9.6		9.4		8.9

		37.5		9.6		9.4		8.9
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figure 4.9 a

		Mg

				TW average Mg		SGW average Mg		DW average Mg

				TW		SGW		DW

		0		39		23		31

		9.4		61		50		57

		14.1		58		37		50

		18.8		49		37		52

		23.4		67		40		44

		28.1		64		43		47

		32.8		61		37		45

		37.5		62		43		44

		42.2		53		40		40

		46.9		66		40		44
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figure 4.9 b

		Ca

				TW average Ca		SGW average Ca		DW avg. Ca

				TW		SGW		DW

		0		178		20		33

		9.4		180		40		47

		14.1		173		37		44

		18.8		180		37		42

		23.4		164		33		40

		28.1		170		30		42

		32.8		171		30		45

		37.5		164		27		40

		42.2		171		30		43
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fig 4.10 a

		CONDUCTIVITY

				DW		SGW		TW

		0		128		157		515

		9.4		265		263		598

		14.1		181		230		567

		18.8		173		211		552

		23.4		159		205		547

		28.1		156		188		545

		32.8		155		187		538

		37.5		152		188		544

		42.2		151		191		541

		46.9		152		180		548
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fig 4.10 b

		TOTAL DISSOLVED SOLIDS

				DW		SGW		TW

		0		63.1		78.2		257.1

		9.4		131.3		131.3		299.8

		14.1		97.6		115.7		283.4

		18.8		87.7		105.1		276.7

		23.4		80.6		102.4		277.1

		28.1		82.4		94.1		272.7

		32.8		82.6		93.9		269.3

		37.5		80.4		94.2		272.0

		42.2		81.6		95.3		270.1

		46.9		80.4		90.7		274.1
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fig 4.11

		SO4

				DW		SGW		TW

		0		19		46		58

		9.4		33		60		66

		14.1		30		54		62

		18.8		27		52		64

		23.4		27		51		57

		28.1		32		50		60

		32.8		23		48		60

		37.5		21		47		59

		42.2		25		47		61

		46.9		23		49		59

		51.6		25		48		59

		56.3		23		46		59
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fig 4.12
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fig 4.13

		DW breakthrough

				average

		0.0		0.2830

		18.8		0.0000

		37.5		0.0000

		56.3		0.0000

		75.0		0.0000

		93.8		0.0000

		112.5		0.0000

		131.3		0.0000

		150.0		0.0000

		168.8		0.0000

		187.5		0.0000

		206.3		0.0000

		225.0		0.0000

		243.8		0.0000

		271.9		0.0000

		283.6		0.0000

		297.7		0.0000

		309.4		0.0145

		321.1		0.0243

		325.8		0.0960

		337.5		0.0925

		349.2		0.0730

		363.3		0.0996

		372.7		0.0820

		382.0		0.0850

		391.4		0.1405

		400.8		0.0855

		410.2		0.0855
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fig 4.14

		SGW breakthrough
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fig 4.15

		TW breakthrough
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fig 4.16
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		Table 2.  Summary of the test results

										Sand										Olivine

		Water		Flow rate		Infl. Conc.				Aver.Resid.		Pore				Adsorp.capb.				Aver.Resid.		Pore				Adsorp.capb.

		Typea		ml/min		mg PO4-P/L				mg PO4-P/L		Volume/g				mg PO4-P/g				mg PO4-P/L		Volume/g				mg PO4-P/g

		DI		10		0.565				0.048		2.5				0.033				0.05		1.7				0.026

				20		0.502				0.049		4.2				0.023				0.053		4.4				0.029

				40		0.502				0.061		3.2				0.019				0.057		4.9				0.032

				60		0.517				0.049		2.3				0.016				0.046		5				0.034

				80		0.517				0.05		1.95				0.012				0.043		5				0.034

		AGW		40		0.529				0.025		3.55				0.021				0.03		2.2				0.016

		TW		40		0.513				0.163		3.25				0.015				0.205		3.4				0.015

		TSE		40		0.521				0.273		3.26				0.011				0.204		3.4				0.015

		a DI=Distilled Water, AGW= Artificial ground water, TW= Tap Water, and TSE=Treated Wastewater Effluent

		b Adsorption capacity for DI and AGW is calculated based on average of readings taken up to breakthrough (0.1 mg/L), while for TW and TSE, it is calculated based on average of readings taken up to 250 pore volumes for sand and olivine.

		mg/L). For TW and TSE, it is calculated based on average of readings taken upto 250 pore volumes.
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figure 4.1
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		135		42.2		59		98.0

		150		46.9		41		88.0

		165		51.6		36		83.0

								8/18		10		11 title		times new
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figure 4.2
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FIGURE 4.3
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FIGURE 4.4
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FIGURE 4.5
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FIGURE 4.6 a
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FIGURE 4.6 a
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figure 4.6 b
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FIGURE 4.6 c
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figure 4.7

		pH
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figure 4.8
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figure 4.9 a
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figure 4.9 b
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fig 4.10 a
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fig 4.10 b
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fig 4.11
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fig 4.12
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fig 4.13

		DW breakthrough
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fig 4.14
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fig 4.15

		TW breakthrough
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fig 4.16
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fig 4.17

		Adsorptive capacity

								DW		SGW		TW		STSE-B		STSE-L
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fig 4.18
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figure 4.1
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figure 4.2
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FIGURE 4.3
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FIGURE 4.4
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FIGURE 4.5
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FIGURE 4.6 a
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FIGURE 4.6 a
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figure 4.6 b
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FIGURE 4.6 c

								0.35		0.822		1.055

								92		82.1		80.4





FIGURE 4.6 c

		0

		0

		0



TW P-PO4 concentration (mg/L)

P-PO4 removal efficiency (%)

92.0

0

0

0



figure 4.7

		pH

				DW		SGW		TW		STSE-B		STSE-L

		0		7.30		7.21		7.31		7.53		7.27

		9.4		9.05		9.09		8.12		7.95		8.15

		14.1		9.19		9.31		8.07		8.03		8.29

		18.8		9.22		9.30		8.08		7.94		8.36

		23.4		9.23		9.32		8.05		8.02		8.38

		28.1		9.26		9.26		8.06		8.03		8.37

		32.8		9.26		9.18		8.04		8.10		8.38

		37.5		9.25		9.33		8.03		7.95		8.35

		42.2		9.26		9.29		8.02		8.06		8.39

		46.9		9.15		9.23		8.03		8.05		8.37
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figure 4.8

		DW

				average adjusted		average not adjusted		adjusted

		0		7.2		6.7		7.9

		9.4		9.3		9.2		8.7

		14.1		9.5		9.3		8.8

		18.8		9.5		9.3		8.9

		23.4		9.5		9.4		8.9

		28.1		9.6		9.4		8.9

		32.8		9.6		9.4		8.9

		37.5		9.6		9.4		8.9





figure 4.8

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



pH 7.2

pH 6.7

pH 7.9

Number of bed volumes

pH value

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



figure 4.9 a

		Mg

				TW average Mg		SGW average Mg		DW average Mg

				TW		SGW		DW

		0		39		23		31

		9.4		61		50		57

		14.1		58		37		50

		18.8		49		37		52

		23.4		67		40		44

		28.1		64		43		47

		32.8		61		37		45

		37.5		62		43		44

		42.2		53		40		40

		46.9		66		40		44
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figure 4.9 b

		Ca

				TW average Ca		SGW average Ca		DW avg. Ca

				TW		SGW		DW

		0		178		20		33

		9.4		180		40		47

		14.1		173		37		44

		18.8		180		37		42

		23.4		164		33		40

		28.1		170		30		42

		32.8		171		30		45

		37.5		164		27		40

		42.2		171		30		43
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fig 4.10 a

		CONDUCTIVITY

				DW		SGW		TW

		0		128		157		515

		9.4		265		263		598

		14.1		181		230		567

		18.8		173		211		552

		23.4		159		205		547

		28.1		156		188		545

		32.8		155		187		538

		37.5		152		188		544

		42.2		151		191		541

		46.9		152		180		548





fig 4.10 a
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fig 4.10 b

		TOTAL DISSOLVED SOLIDS

				DW		SGW		TW

		0		63.1		78.2		257.1

		9.4		131.3		131.3		299.8

		14.1		97.6		115.7		283.4

		18.8		87.7		105.1		276.7

		23.4		80.6		102.4		277.1

		28.1		82.4		94.1		272.7

		32.8		82.6		93.9		269.3

		37.5		80.4		94.2		272.0

		42.2		81.6		95.3		270.1

		46.9		80.4		90.7		274.1
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fig 4.11

		SO4

				DW		SGW		TW

		0		19		46		58

		9.4		33		60		66

		14.1		30		54		62

		18.8		27		52		64

		23.4		27		51		57

		28.1		32		50		60

		32.8		23		48		60

		37.5		21		47		59

		42.2		25		47		61

		46.9		23		49		59

		51.6		25		48		59

		56.3		23		46		59
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fig 4.12
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fig 4.13

		DW breakthrough

				average

		0.0		0.2830

		18.8		0.0000

		37.5		0.0000

		56.3		0.0000

		75.0		0.0000

		93.8		0.0000

		112.5		0.0000

		131.3		0.0000

		150.0		0.0000

		168.8		0.0000

		187.5		0.0000

		206.3		0.0000

		225.0		0.0000

		243.8		0.0000

		271.9		0.0000

		283.6		0.0000

		297.7		0.0000

		309.4		0.0145

		321.1		0.0243

		325.8		0.0960

		337.5		0.0925

		349.2		0.0730

		363.3		0.0996

		372.7		0.0820

		382.0		0.0850

		391.4		0.1405

		400.8		0.0855

		410.2		0.0855

		419.5		0.2080

		428.9		0.2475

		435.9		0.2435

		438.3		0.2920
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fig 4.14

		SGW breakthrough

				average

		0.0		0.335

		18.8		0

		37.5		0

		56.3		0

		75.0		0

		93.8		0

		112.5		0

		131.3		0
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		168.8		0

		187.5		0

		206.3		0

		225.0		0

		229.7		0

		234.4		0
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		243.8		0
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		267.2		0

		271.9		0

		276.6		0

		281.3		0

		285.9		0

		290.6		0

		295.3		0

		300.0		0

		304.7		0

		309.4		0.0065

		314.1		0.01135

		318.8		0.0195

		323.4		0.0356

		328.1		0.02885

		332.8		0.047

		337.5		0.0435

		342.2		0.03398

		346.9		0.04348

		351.6		0.091

		356.3		0.124

		365.6		0.1515

		375.0		0.117

		384.4		0.157

		393.8		0.1695

		403.1		0.209

		412.5		0.215

		421.9		0.258

		431.3		0.2845

		440.6		0.2975

		450.0		0.3235





fig 4.15

		TW breakthrough

				average

		0.0		0.34

		18.8		0

		37.5		0

		56.3		0

		75.0		0

		93.8		0

		112.5		0

		131.3		0

		150.0		0

		168.8		0.0275

		187.5		0.0365

		206.3		0.0065

		225.0		0.0552
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		253.1		0.0778

		262.5		0.10545

		271.9		0.1365

		281.3		0.182

		290.6		0.245

		300.0		0.3225

		309.4		0.334





fig 4.16

		STSE- breakthrough				LIME		BITTERN

				0		0.5585		0.41

				9				0.27				34
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				19		0.0000		0.0097		100		98

				23				0				100

				28		0.0000		0		100		100

				33				0.156				62

				38		0.0000				100

				42				0.159				61

				47		0.0000				100

				52				0.192				53

				56		0.0000				100

				61				0.169				59

				66		0.0000				100

				70				0.175				57

				75		0.0000				100

				80				0.175				57

				84		0.0000				100

				89				0.172				58

				94		0.0000				100
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				103		0.0145				97

				108				0.218				47

				113		0.0210				96

				117				0.224				45

				122		0.0505				91
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				136				0.175				57
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				145				0.184				55

				150		0.2100				62		100

				155				0.182				56

				159		0.2150				62

				164				0.185				55

				169		0.2375				57

				173				0.24				41

				178		0.3450				38

				183				0.251				39

				188		0.3710				34

				192				0.354				14

				197		0.4505				19
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				206		0.4925				12

				211				0.397				3

				216		0.5125				8

				225		0.5030				10

				234		0.5540				1

				244		0.5590				0





fig 4.17

		Adsorptive capacity

		DW		0.06

		SGW		0.072

		TW		0.050

		STSE-B		0.025

		STSE-L		0.051





fig 4.18

		Regeneration
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		103		0.75

		113		0.89

		122		0.94

		131		0.98
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fig 4.19

		Freundlich

		Log c		log X/M

		0.8459657615		-0.9853114881

		0.7032913781		-1.0409586077

		0.4438885468		-1.0412132139

		0.2570062179		-1.1083064697

		0.0696680969		-1.1712885582

		-0.1203307944		-1.2295407485

		-0.343901798		-1.2817593696

		-0.4894549898		-1.3336692557





fig 4.20

		

		Freundlich

		Cf		q

		7.01		0.1067225815

		5.05		0.0980497139

		2.78		0.0840466486

		1.81		0.0752150519

		1.17		0.0672932532

		0.76		0.0601107035

		0.45		0.0526344988

		0.32		0.0482744982





Fig 4.21

		Langmuir

		1/Cf		1/q

		0.1425719989		9.6674400619

		0.198019802		10.989010989

		0.3598416697		10.9954552118

		0.5533421868		12.8323580741

		0.8517887564		14.8350344173

		1.3192612137		16.9644876725

		2.2075055188		19.1319558325

		3.0864197531		21.56101768





fig 4.22

		Langmuir

		Cf		q

		7.01		0.0916116877

		5.05		0.0898154956

		2.78		0.0849543314

		1.81		0.079790354

		1.17		0.0729510082

		0.76		0.0643158267

		0.45		0.0525064

		0.32		0.044433406






_1182940306.xls
Chart1

		0		0

		41.6		41.6

		46.4		46.4

		83.2		83.2

		92.8		92.8

		124.8		124.8

		139.2		139.2

		166.4		166.4

		185.6		185.6

		208		208

		232		232

		249.6		249.6

		278.4		278.4

		291.2		291.2

		324.8		324.8

		332.8		332.8

		371.2		371.2

		374.4		374.4

		416		416

		417.6		417.6

		457.6		457.6

		464		464

		499.2		499.2

		510.4		510.4

		540.8		540.8

		556.8		556.8

		582.4		582.4

		603.2		603.2

		624		624

		649.6		649.6

		696		696



Coated Sand

Coated Olivine

Pore Volume (number)

PO4-P Concentration (mg/l)

0.521

0.521

0.224

0.182

0.222

0.237

0.19

0.19

0.233

0.238

0.224

0.184

0.29

0.296

0.286

0.275

0.314

0.358

0.314

0.309

0.361

0.233

0.327

0.229

0.36

0.209

0.314

0.24

0.304

0.251

0.322

0.336



Sheet1

		





Sheet1

		0		0

		41.6		41.6

		46.4		46.4

		83.2		83.2

		92.8		92.8

		124.8		124.8

		139.2		139.2

		166.4		166.4

		185.6		185.6

		208		208

		232		232

		249.6		249.6

		278.4		278.4

		291.2		291.2

		324.8		324.8

		332.8		332.8

		371.2		371.2

		374.4		374.4

		416		416

		417.6		417.6

		457.6		457.6

		464		464

		499.2		499.2

		510.4		510.4

		540.8		540.8

		556.8		556.8

		582.4		582.4

		603.2		603.2

		624		624

		649.6		649.6

		696		696



Coated Sand

Coated Olivine

Pore Volume (number)

PO4-P Concentration (mg/l)

0.521

0.521

0.224

0.182

0.222

0.237

0.19

0.19

0.233

0.238

0.224

0.184

0.29

0.296

0.286

0.275

0.314

0.358

0.314

0.309

0.361

0.233

0.327

0.229

0.36

0.209

0.314

0.24

0.304

0.251

0.322

0.336



Sheet2

		





Sheet3

		






_1182938616.xls
Chart1

		0		0

		41.6		41.6

		46.4		46.4

		83.2		83.2

		92.8		92.8

		124.8		124.8

		139.2		139.2

		166.4		166.4

		185.6		185.6

		208		208

		232		232

		249.6		249.6

		278.4		278.4

		291.2		291.2

		324.8		324.8

		332.8		332.8

		371.2		371.2

		374.4		374.4

		416		416

		417.6		417.6

		457.6		457.6

		464		464

		499.2		499.2

		510.4		510.4

		540.8		540.8

		556.8		556.8

		582.4		582.4

		603.2		603.2

		624		624

		649.6		649.6

		696		696



Coated Sand

Coated Olivine

Pore Volume (number)

Total-P Concentration (mg/l)

0.521

0.521

0.178

0.3

0.178

0.296

0.197

0.242

0.208

0.259

0.228

0.268

0.237

0.235

0.251

0.257

0.276

0.278

0.311

0.325

0.285

0.284

0.312

0.305

0.33

0.338

0.314

0.343

0.366

0.343

0.35

0.357



Sheet1

		





Sheet1

		0		0

		41.6		41.6

		46.4		46.4

		83.2		83.2

		92.8		92.8

		124.8		124.8

		139.2		139.2

		166.4		166.4

		185.6		185.6

		208		208

		232		232

		249.6		249.6

		278.4		278.4

		291.2		291.2

		324.8		324.8

		332.8		332.8

		371.2		371.2

		374.4		374.4

		416		416

		417.6		417.6

		457.6		457.6

		464		464

		499.2		499.2

		510.4		510.4

		540.8		540.8

		556.8		556.8

		582.4		582.4

		603.2		603.2

		624		624

		649.6		649.6

		696		696



Coated Sand

Coated Olivine

Pore Volume (number)

Total-P Concentration (mg/l)

0.521

0.521

0.178

0.3

0.178

0.296

0.197

0.242

0.208

0.259

0.228

0.268

0.237

0.235

0.251

0.257

0.276

0.278

0.311

0.325

0.285

0.284

0.312

0.305

0.33

0.338

0.314

0.343

0.366

0.343

0.35

0.357



Sheet2

		





Sheet3

		






