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ABSTRACT 

The reuse of greywater and other wastewaters are important considerations for effective 
water management strategies. It is also imperative that the potential for detrimental 
environmental effects be investigated. As part of ongoing research into the reuse of 
greywater and oil-rich agro-wastewaters, the potential impact of oil and grease (O&G) 
to soils irrigated with greywater (GW) was studied. Greywater streams were sampled 
and analyzed for O&G content. Along with the greywater, soil profile samples were 
collected from garden soils irrigated with these waters. The goal was to determine the 
O&G content of these GW streams, verify ifeO&G was accumulating in the soil profiles, 
and investigate the effect O&G can have on water movement through O&G 
contaminated soils. 

Untreated kitchen GW averaged 200 mg/L O&G, over an order of magnitude more than 
other GW streams. GW-irrigated soils showed O&G accumulation of up to 200 mg/kg 
within the first 20-cm of depth. GW with low O&G concentration (<! 0 mg/L) still 
demonstrated long-tenn accumulation in the soil profile, with O&G concentration of 
150 mg/kg. To detennine the potential effects that O&G accumulation may have on 
water movement in soil, capillary rise and water drop penetration time (WDPT) 
experiments were conducted. The results showed up to 60% decrease in capillary rise in 
sand containing 250 mg/kg O&G. Interestingly, no additional reduction in capillary rise 
was observed at concentrations above 250 mg/kg. WDPT was observed to increase 
linearly (from nearly instantaneous to over 2 seconds) with increased O&G content, up 
to 1000 mg/kg. This work demonstrated that O&G in GW used for irrigation can 
accumulate in soil and may lead to a significant water repellency and reduction in the 
soils ability to transmit water. 
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I INTRODUCTION 

In recent years the reuse of GW for irrigation has taken on increasing interest as a 
means of water conservation. Greywater is generally defined as household wastewater 
excluding toilet effluent. It is a frequent misconception that GW is cleaner than 
combined domestic wastewater and therefore can be reused with minimal or no 
treatment [I). Significant components of GW include biochemical oxygen demand 
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(BOD), chemical oxygen demand (COD), total suspended solids (TSS), ammonium 
(NH/), total phosphorus (TP), fecal coliform (FC), surfactants and O&G [2). Untreated 
domestic wastewater typically contains 50 to 100 mg/L O&G [3], with approximately 
2/3 of the load contributed by greywater [4]. Over 90% of the domestic O&G load is 
removed through typical sewage treatment systems, however, when GW is reused 
without adequate treatment O&G is a potentially significant component. Research on 
the potential environmental impact of O&G from GW has been absent from the 
literature. Kitchen GW is reported as the highest contributor of O&G in domestic GW, 
but O&G is present in all GW streams [2). Oil and grease is non-polar and therefore 
hydrophobic, a condition classically defined by a contact angle at the interface with 
water of greater than 90° . When present in soils, O&G may affect the contact angle of 
soil minerals with water. Soils that exhibit contact angles greater than 90° prevent water 
infiltration. When contact angles are greater than 0° but less than 90° , soils exhibit 
varying degrees of water repellency and reduced water movement [5, 6]. The presence 
of organic coatings on soil particles or of hydrophobic compounds within the soil matrix 
is generally considered the maJor cause of soil water repellency [7]. Soil water 
repellency can lead to runoff, ponding, or preferential flow that results in more rapid 
downward transport of contaminants [8). Common methods to identify water 
repellency in soils are the water droplet penetration time (WDPT) test, and the capillary 
rise method. The objectives of this study were to characterize GW for the presence of 
O&G, investigate O&G accumulation in soil as a result of GW irrigation, and study its 
potential contribution to soil water repellency. 

2 METHODS 

2.1 Greywater and soil sampling 
Six GW streams from sites in the in the central Negev Desert, Israel were sampled 
between July 3 and September 18, 2005. The six streams represented various household 
GW combinations, and included: ( I and 2) untreated bath; (3) treated bath and laundry; 
(4) treated bath, laundry and kitchen; (5) untreated kitchen; and (6) treated kitchen. 
Greywater stream 3 was treated with a recycled vertical flow constructed wetland 
(RVFCW) [I], and GW stream 4 was treated using a commercially available aerobic 
system. The treatment for kitchen GW (stream 6) consisted of an anaerobic tank with 
estimated three-day retention. All six streams were used for ornamental garden 
irrigation. Samples were analyzed for the following parameters in accordance with 
procedures outlined in Standard Methods [9]: TSS; NH/; total nitrogen (TN); TP; 
anionic surfactants; COD; and BOD. Oil and grease was analyzed by solid phase 
extraction (SPE) using EPA Method 1664A [ 10]. 

Soil cores were collected from the irrigated garden plots at 5-cm intervals to 20-cm, 
then at 20-cm intervals to 60-cm. The GW had been applied directly to the soil surface 
with no apparent mechanical mixing or tillage of the soil. Background samples were 
collected of similar soils that had not received GW. After collection, soil samples were 
dried at 65° C and extracted for gravimetric O&G measurement by accelerated solvent 
extraction (ASEe;\,) methodology using hexane. 

2.2 Water repellency 
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To assess potential development of water repellency in O&G-contaminated soil, two 

methods were used: water droplet penetration time (WDPT) and capillary rise. Since 

sand is commonly used in gardens in the Negev, clean, unifonn quan-y silica sand 

(average diameter: 110 µm; uniformity coefficient: 1.9) was used to provide consistency 

and repeatability of the tests. The method for WDPT consisted of placing droplets of 

water on the soil surface and timing imbibition [6]. At least three measurements were 
made for each soil, and average time of droplet penetration calculated. 

Capillary rise procedures were similar to those described by Wiel-Shafran et al. [ 11). 

The sand was prepared by thoroughly mixing with artificial GW composed of fresh 

water, shampoo, laundry powder and sunflower oil to I 0% gravimetric moisture content 

(MC). Artificial GW was used instead of actual GW to assure uniformity and 

repeatability. The amount of vegetable oil was varied to produce concentrations of 0, 

50, I 00, 250, 500 and I 000 mg/kg O&G in the moist sand. The O&G was emulsified 

into the artificial GW samples with a high shear mixer, and then the solution mixed into 

the sand. The prepared soils were stored at 4 ° C to minimize potential biological 

degradation prior to use. Soil columns were prepared in triplicate for each O&G 

concentration. An additional batch was later prepared with 200 mg/kg O&G for tests 

observing the effect of storage time since O&G addition on imbibition. Each column 

was unifonnly packed and a #200 mesh screen secured over the bottom of the column. 

The columns were weighed as a means of checking consistency of packing. Dry bulk 

densities of the prepared columns were calculated to be 1.49 ± 0.02 g/cm
3 
. To perfom1 

each capillary rise test, the soil column was clamped vertically to a stand and placed on 

a laboratory balance. A scissors jack placed upon a "bridge" over the balance supported 
the fresh water imbibing solution in a manner to not interfere with measurement of the 

soil column mass. The balance was tared to zero and the imbibing solution carefully 

raised until contact was made with the soil column. Once contact was made imbibition 

quickly proceeded and the change in column mass was recorded via direct output to data 
logging software. 

Capillary movement of liquid into porous media is described for static (equilibrium) 
conditions by the following equation [ 12]: 

2y
l 

COS 0,
H q=---� (I) 

rpg 

where His the maximum height of liquid imbibition into a soil column; YL is the liquid 

surface tension; Bcq 
is the solid/liquid contact angle at equilibrium; r is the effective pore 

radius; p is the imbibing liquid density; and g is the acceleration due to gravity. During 

active (dynamic) capillary movement into porous media, imbibition is described 
according to Washburn's equation [13]: 

, Y1. COS0d, 
w- =C . I (2)

2TJ 

where w is the mass of water imbibed at time 1; c is a geometric factor encompassing 

capillary radius, soil porosity, and the soil column cross-sectional area; Bdr is the 

solid/liquid contact angle during active imbibition; and I/ is the viscosity of the liquid. 

Dynamic contact angle is related to the speed of capillary rise [14] and gravitational 
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effects [ 15]. Under experimental conditions where the liquid properties are known, both 
equations have two unknown parameters: namely 0,q and r, or 011.v and c (Equation 1 or 
Equation 2, respectively). By conducting preliminary tests with a perfect liquid, i.e., an 
imbibing liquid that has a contact angle of zero (14], each equation is reduced to one 
unknown, r or c. These parameters were calculated based on experimentally determined 

H and � using ethanol as the imbibing liquid. Once parameters r and c were 
I 

determined, they were used to calculate 0 for subsequent capillary rise tests using fresh 
water as the imbibing liquid. Since Hcould not be visually observed in the moist sand 
column, it was calculated from the total weight of liquid imbibed, W, according to the 
relationship between Hand W in porous media: 

W = Hnp,rRe2 

(3) 

where n is porosity of the sand, and R is the radius of the column. 

3 RES UL TS AND DISCUSSION 

3.1 Greywater quality 

Greywater quality results are summarized in Table 1. Data from the two untreated 
bathroom streams were combined into one set. The pH and EC of all streams were 
typical of GW, ranging from 5.7 to 7.6 and 1.1 to 1.6 mS/cm, respectively. pH was 
highest in streams containing laundry GW. This may be attributed to the high alkalinity 
of typical laundry detergents (16]. Organic load (i.e., BOD, COD) was highest in 
kitchen GW (either treated or untreated). This agrees with findings of Friedler [2] who 
observed kitchen GW to comprise 26% of the total GW volume and yet contribute over 
40% of the TSS, COD, BOD and O&G. This notably high waste strength of kitchen 

Table 1. Average ±standard error concentrations of greywater quality parameters from 
household streams located in Midreshet Ben-Gurion, Israel. Results are based on 14 
samples for the bath G W and 7 for the other streams. A fl concentrations are in mg C1 

unless stated otherwise. 

Bath Kitchen Kitchen Kitchen, Bath 
Parameter untreated untreated treated bath, laundry Laundry

treated treated 
±0.1 ± 0.3 7.1 ±0.2 ± 0.1 7.6 ±0.1H 

1.13 ± 0.05 1.22 ±0.12 1.65 ±0.10 1.20 ±0.06 1.43 ±0.08Electrical conductivitl'. (mS/cm} 
Total suseended solids 153 ± 83 1250 ± 860 983 ± 850 19 ±4 17 

Ammonium nitrogen 0.65 ±0.2 0.99 ±0.6 2.18 ±1.4 1.26 ±0.8 1.42 ±0.8 

Total nitrogen 7.2 ± 1.8 22 ± 7.0 30 ±10 6.3 ± 0.4 7.5 ± I.I 
2.8 ± 1.3 ±0.8 12.3 ±9.6 2.9 ± 0.4 7.6 ±2.3Total ehosehorus 

Anionic surfactants 4.1 ±0.6 8.2 ± 1.0 14.1 ± 1.8 0.4 ± 0.1 1.8 ±0.9 
± 130 2180 ± 690 2200 ± 1090 99 ±20 123 ± 51 Chemical oxl'.gen demand 

1042 ± 320 17244 9 ±2 8 ±5Biochemical oxl'.gen demand 
7.2 ± I. I 195 ± 67 45.3 ± 36.3 ± 2.7 5.3 ± 2.3 Oil & grease 
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GW leads to the practice of some researchers to exclude it from the definition of GW. 
Oil and grease content of untreated kitchen GW averaged 195 mg/L, more than an order 
of magnitude higher than other GW sources, and more than double typical 
concentrations found in raw domestic wastewater [3]. All other GW streams usually 
had less than IO mg/L O&G. Friedler [2] reported O&G concentrations ranging from 
77 mg/L for bath to 323 mg/L for kitchen GW. The lower O&G concentrations reported 
in this work may be the result of differences in extraction method, or the result of high 
variation between different streams. 

3.2 O&G in GW-irrigated soil 
Concentrations of O&G in the background soil (not irrigated with GW) were 
consistently less than 50 mg/kg (Figure la). Soils that had been irrigated with GW for 
two years or less had similar concentrations, with no measured O&G accumulation (not 
shown). It has been reported in the literature that lipids are readily degraded in soils and 
that accumulation of O&G is not expected [17]. The published research, however, has 
typically only observed the fate of single O&G applications, whereas GW irrigation 
systems represent ongoing O&G addition to the soil. Two of our research sites were 
subject to surface irrigation by GW for more than seven years. The soil profiles at these 
sites showed O&G accumulation in the upper 20 cm of 150 mg/kg for bath GW
irrigated soil (Figure lb), and 200 mg/kg for kitchen GW-irrigated soil (Figure Jc). In 
both profiles O&G concentrations were <50 mg/kg below a depth of 20 cm. It should be 
noted that despite an order of magnitude difference in O&G concentration in the GW, 
maximum concentrations in the kitchen-irrigated soil were only about 30% higher than 
the bath-irrigated soil. This may be because of vertical migration of the O&G, as noted 
by the greater depth of O&G in the kitchen-irrigated soil profile compared to the bath
irrigated soil. However, O&G concentrations did not exceed background levels for 
either profile below a depth of 20 cm. The data agrees with results reported by Cecutti 
et al. [ 18], in which fatty acids with a chain length of more than 16 carbons were not 
detected below a soil depth of 25 cm. 

3.3 Soil water repellency 
Water droplet penetration time tests conducted on air-dried soil samples from GW 
irrigated garden soils showed little correlation to measured O&G concentrations (Figure 
2a). It is suggested that the presence of other compounds in greywater, e.g., surfactants, 
may also influence hydrophobic characteristics of soil irrigated with GW preventing a 
direct correlation with O&G concentrations. Water droplet penetration time tests were 
also run on each of the prepared oil-containing sands. These soils contained similar 
concentrations of compounds contributed by the artificial GW, with O&G the only 
variable. Penetration times ranged from nearly instantaneous to about 2 seconds 
(Figure 2b). The increase in penetration time versus O&G concentration was linear 
with an R2 value of 0.97. The data indicate that O&G accumulation in soil can directly 
affect water imbibition. 
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Figure 1. Mean ±standard error concentrations of oil and grease (O&G) in garden soil 
profile Midreshet Ben-Gurion, Israel. Soil irrigated with: a) freshwater; b) bath greywater; 

=c) kitchen greywater; n 3. 
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Figure 2, Water droplet penetration time versus O&G concentration in: a) garden soils 
irrigated with greywater, and b) laboratory prepared soil with different O&G 
concentrations, 
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Figure 3, Capillary rise into sand moistened with artificial greywater and various 
concentations of oil and grease: a) grams water imbibed vs. time, ne=3; b) grams squared 
water imbibed vs, time, 
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Capillary rise experiments were first run with clean, moist sand and ethanol as the 
imbibing solution. Using Equations 1 and 2, reand c were determined to be 38 µm and 
8.6 x 10·4 cm5, respectively. Subsequent imbibition experiments were run with columns 
containing O&G concentrations of 0 to 1,000 mg/kg. Consistency in measurement of 
imbibition rates for replicate columns demonstrated uniformity of the method, as noted 
by error bars at selected data points on the graph (Figure 3a). It was observed that an 
O&G concentration of 50 mg/kg caused an approximate 20% decrease in total 
imbibition. lmbibition decreased by about 60% at a concentration of 250 mg/kg O&G in 
the sand (Figure 3a). Above 250 mg/kg O&G, no further decrease was observed (data 
not shown). Static contact angles calculated from the imbibition data ranged from 53° 

for clean sand to 76° for sand containing 250 to l000 mg/kg or more O&G ( Table 2). 
Dynamic contact angles were calculated from the early (i.e., during first 200 seconds) 
linear, Washburn-type imbibition (Figure 3b). These contact angles were higher than 
the static contact angles and showed a smaller range, from 82° for clean sand to 89° for 
250 mg/kg or more O&G. The observed increase in both dynamic and static contact 
angle represents an approximately linear increase from O to 250 mg/kg O&G. Beyond 
250 mg/kg O&G, there was no additional increase in contact angle. These results differ 
than published reports on the effect of surfactants from GW [ 11], in which each increase 
in surfactant concentration led to further depression of capillary rise, until imbibition 
was virtually prevented. The data suggest that O&G in soil of up to I 000 mg/kg, while 
significantly affecting soil water movement, may not be able alone to render soil 
particles completely hydrophobic (i.e., contact angle >90°). Furthermore, the data 
suggest that the specific mechanism causing water repellency expression is satisfied at 
around 250 mg/kg O&G. One possible explanation is that at this threshold 
concentration, particle coatings are complete and changes to the particle surface energy 
are maximized. Additional O&G may add thickness and durability to the coating (as 
indicated by the WDPT) but not cause further change to the contact angle. Further study 
is needed to explore this mechanism and the existence of threshold values for different 
soils and different O&G solutions. 

Table 2. Water droplet penetration time (WDPT), static contact angle (0,q), and dynamic 
contact angle (0d,) for sand containing artificial greywater and various concentrations of oil 
and grease; ne=3. 

Oil & grease 0,q 0dv 
(mg/kg) WDPT 

seconds 
0 0.0 52.8 82.2 
50 0.1 60.6 84.6 

100 0.2 66.0 86.3 
250 0.3 76.2 88.7 
500 0.8 75,6 89.0 
l000 2.1 75.1 88.7 
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4 CONCLUSIONS 

O&G was found to be present in domestic GW at concentrations ranging from less than 
IO mg/L for most household sources to around 200 mg/L for kitchen effluent. When this 
GW was used for long-term garden irrigation, O&G was observed to accumulate to a 
maximum depth of 20 cm in the soil profile. Higher concentrations (200 mg/kg) and a 
greater depth of accumulation were observed for the more oil-rich kitchen GW-irrigated 
soil than bath GW-irrigated soil ( 150 mg/kg). Nevertheless, both GW-irrigated soils 
exhibited O&G concentrations in a range that laboratory studies suggest can 
significantly reduce water movement. Capillary rise experiments showed an 
approximate linear decrease in water imbibition when O&G concentrations were 
increased from O to 250 mg/kg, with the maximum reduction of water imbibition 
approximately 60%. Oil and grease concentrations greater than 250 mg/kg and up to 
I 000 mg/kg did not cause any further decrease in imbibition. The reason for this 
threshold is not known, but it is suggested that O&G concentrations of 250 mg/kg 
maximized the potential changes to soil particle surface energy, as indicated by contact 
angle. Water droplet penetration time results showed no clear correlation between O&G 
concentration and WDPT for field soils, possible due to the effects of other compounds. 
Laboratory prepared soils, on the other hand, showed a high correlation. 

Laboratory tests indicated that O&G concentrations similar to those observed in GW
irrigated soils could increase the soil-water contact angle and significantly reduce water 
imbibition. This increase in soil water repellency could lead to water runoff and/or 
finger flow through the soil profile, both of which can exacerbate the migration of 
contaminants vertically or horizontally from the irrigated soil. Reduced water 
movement can also be detrimental to water availability for plant growth. While 
considering the use of GW for irrigation, the potential impact of O&G cannot be 
neglected. 
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