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Abstract 
This study characterized the physicochemical properties of sewage sludge collected from Gaza 
wastewater treatment plant. Sludge samples were collected from the drying beds, air-dried, sieved 
through 2 mm and stored in plastic bags at room temperature. Sludge density, particle size distri- 
bution, water holding capacity, void volume, pH, EC, total organic carbon and hydrophobicity were 
determined. Results showed the bulk density is about 1.18 g/cm3 whereas the real density is 2.12 
g/cm3 and void volume is 50%; Particle size distribution showed that the major size of sludge is 
sand-like size (630 - 200 µm) and the minor size is silt-like size (200 - 20 µm) and clay-like size is 
less than 20 µm. Sludge has an acidic pH reaction (6.78 ± 0.02) with an electric conductivity equal 
to (2.49 ± 0.04) mS∙cm−1. The hydrophobicity of sludge is very high, water drop penetration time 
(WDPT) is 114.77 ± 18.78 sec with a radius of 0.44 ± 0.08 cm. In the way around, oil drop penetra-
tion time (ODPT) of sludge is 5.05 ± 1.28 sec with a radius of 1.25 ± 0.14 cm. The WDPT/ODPM ra- 
tion has very high value 22.73 indicating extreme hydrophobicity. High value of hydrophobicity 
may reduce water filtration in soil when sludge applied for agriculture. These results suggest that 
sludge application to soil may change the physicochemical properties of soil. 
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1. Introduction 
Gaza Strip (GS) has a coastline of 40 km at the eastern extreme of the Mediterranean and on the edge of the Si- 
nai Desert. GS has a total area of 365 square kilometers (MOPIC, 1998) and the population is estimated to be 
around 1,500,000 people. Sludge (biosolids) may be defined as the matter which refers to the residual, semi- 
solid material left from industrial wastewater, or sewage treatment plants. When fresh sewage or wastewater is 
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added to a settling tank, approximately 50% of the suspended solid matter may settle out in a few hours. The 
collection of the above mentioned solids may be known as raw sludge [1]. Sludge may be dried and incorporated 
with some carbonaceous materials to produce a suitable composted material for the use in the agriculture to in- 
crease the production and improve the soil properties. 

Chemical and biological compositions of sewage sludge depend on the wastewater composition [2]. Usually, 
it is rich in Organic Mater (OM) and plant nutrients such as nitrogen (N), phosphorus (P) and calcium (Ca) [3] 
and may improve soil physical, chemical and biological properties, such as porosity, aggregate stability, bulk 
density, soil fertility, water movement and retention [4]. There are four wastewater disposal and treatment facili- 
ties in Gaza strip, Beit Lahia (BLWWTP), Gaza City (GWWTP), Khan Younis (KHYWWTP), and Rafah 
(RWWTP), but none of them is functioning effectively [5]. They are not sophisticated treatment technology and 
they consist of anaerobic lagoons, aerated lagoons and maturation ponds. GWWTP is the only treatment facility 
which has trickling filters. The effluent from Gaza and Rafah treatment plants is mostly discharged into the Me- 
diterranean Sea. In the case of the Beit Lahia wastewater treatment plant, a substantial quantity of wastewater 
infiltrates into the ground, contaminating soil and groundwater in the area. High level of nitrate has recently 
been detected from the aquifer, and it is most likely that the excess effluent is responsible for the deterioration of 
the water quality of the aquifer [6]. The GWWTP is located in Sheikh Ejleen Area southern Gaza city. It is ex- 
pected that, large amounts of sludge are being produced from Gaza wastewater treatment plants. Previous study 
[7] reported that huge quantities of sludge (30,000 ton) were produced annually and this required a minimum of 
30,000 dunums for its accumulation. Koenig et al., [8] studied the following physical and geotechnical proper- 
ties: 1) vane shear strength; 2) consolidation characteristics such as compression index, compressibility factor, 
coefficient of consolidation and compressibility coefficient; and 3) hydraulic characteristics such as permeability 
and intrinsic resistance. They found that predictive logarithmic relationships may be established among the 
tested properties. In the same context, Mikkelsen and Keiding [9] investigated correlations between sludge 
composition, structure and dewatering properties and found out that the fraction of extracellular polymeric sub- 
stances in sludges was the most important parameter with respect to sludge structure. 

The mechanical properties of dewatered sewage sludge were previously investigated [10]. He found that 
moderately digested sludge material has a typical specific gravity of solids value of 1.55, and loss on ignition 
(LOI) value of 70% dry mass, while strongly digested sludge has a lower LOI value of 55% dry mass, and a 
higher specific gravity of solids value of about 1.72. Recent study [11] investigated the effects of acid pre- 
treatment (pH 6-1) using HCl on subsequent digestion and dewatering of waste activated sludge (WAS). They 
concluded that pretreatment with pH 2 was the most effective. This yielded the same biogas after 13 days as 
compared to untreated WAS at 21 days digestion. They suggested that in dewatering process, the acid pre- 
treated WAS required 40% less cationic polymer addition to achieve the same cake solid content. According- 
ly, the current study is designed to characterize the physicochemical properties of sludge produced in 
GWWTP. 

2. Materials and Methods 
2.1. Sludge Sampling 
A representative sludge samples with a volume of 20 L each were collected from different locations from the 
drying beds in the Sheikh Ejleen Waste Water Treatment Plant. 

The samples were air-dried in the month of June using solar radiation, crushed and mixed together to insure 
homogeneity of the sludge. The dried sludge samples were sieved through 2 mm sieve and mixed again and kept 
in plastic bags for further experimental work. 

2.2. Sludge Dry Mass and Water Content 
With slight modification of Wilke method [12], the sludge dry mass and water content were determined as fol- 
lows. Air dried sludge samples were dried at 105˚C ± 5˚C for 24 h. Then the samples were transferred to a quick 
fit glass jar for cooling to avoid humidity absorbance. The samples were then weighted at room temperature to 
collect the dry weight. The differences in masses before and after drying are a measure for the water content of 
sludge. The water content was calculated on gravimetric (g water/g sludge) or on volumetric basis (cm3 wa-
ter/cm3 sludge). 
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2.3. Water Holding Capacity 
With a slight modification to the procedure described by El-Nahhal et al. [13], columns techniques were used. In 
this technique, 0.5 L of air dried sludge was transferred to small columns with 10 cm diameter. The columns 
were irrigated with 0.25 L with distilled water and left for 24 h to equilibrium. The sludge samples were 
weighted before and after irrigation to collect the water content. The leachate was collected and weighted to 
know the equilibrium water capacity of the columns. 

2.4. Bulk Density 
The bulk density was determined in the laboratory using the mass per unit volume technique by filling 0.5 L 
plastic pails previously weighed. Once filled, pails were shaked several times to insure complete filling. Be- 
tween 4 and 8 measures were done on each sample to ensure repeatability. The bulk density on the dry matter 
basis was calculated after moisture content [14] (Agnew and Leonard, 2003). 

2.5. Particle Size Distribution 
Particle size distribution was obtained using the hydrometer method of analysis [15]. The samples passed 
through the 2 mm sieve to insure that no aggregates were retained on the sieve. Fifty grams of air-dried sludge 
were transferred to a 500 mL beaker containing 50 mL Kalgon solution and 250 mL distilled using a soil blender. 
The suspensions were homogenized for 5 min. The volume of the suspension was completed to 1 L with distill- 
ed water and transferred to the sedimentation cylinder. A plunger was used to stir the suspension for 2 minutes 
then the hydrometer was gently immersed in the cylinder and allowed for stabilization. The hydrometer readings 
were collected after 40 seconds, and again after 2 hours. The temperature of the suspension was also recorded at 
each reading for correction factors. Sand fraction-like particle size was calculated according to the equation used 
for hydrometer and likewise Silt fraction-like particle size and clay fraction-like particle size. 

2.6. Sludge Hydrophobicity 
The water drip penetration time (WDPT) method [16] was used to quantify the degree of water repellency (WR) 
of the sludge. This procedure involved placing a drop of water on the sludge surface and measuring the time 
needed for its penetration. The degree of hydrophobicity was evaluated from the WDPT results according to 
Bauters et al. [17]. An amount of sludge was put on a big dish and distilled water drops (50 µm) were taken by 
the Jencons Sealpette instrument and put on the surface of the sludge. Photos for the water drips were taken. Oil 
drip penetration time was taken as a standard deviation of hydrophobicity. 

2.7. EC and pH Measurements 
EC (mS∙m−1) and pH values were measured from water extract (1:5 w/v) on wet samples, using an electrical 
conductivity probe and a pH electrode, respectively. 

2.8. Determination of Total Organic Matter 
Total organic matter (TOM) was determined by weight loss on ignition heating for 4 h in a muffle furnace at 
560˚C after heating at 250˚C 30 min. Mineral matter (%MM) is %MM = 100-%TOM. 

2.9. Statistical Analysis 
The samples were in three replicates: mean and standard deviation were calculated, low standard deviation indi-
cate homogeneity of the results and accuracy of work. 

3. Results and Discussion 
3.1. Density and Void Volume 
The bulk density of sludge is about 1.18 ± 0.04 g/cm3 which is nearly half the real density. The explanation of 
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these data is that bulk density includes void volume, some water vapor and other gases which contribute to de- 
creasing the density. These results agree with O’kelly [10] who found that moderately digested sludge material 
has a typical specific gravity of solids value of 1.55. The similarity of densities of sludge and soil suggest that 
sludge sample contained high fraction of solid materials which may be sand. Furthermore, the void volume of 
sludge is about 50% of the total volume as shown in Table 1. 

This may indicate high porosity of sludge, in addition this could contribute to the aeration of sludge. This is in 
agreement with previous report [10] who found that re-hydration of dry sludge caused the bulk density to double. 
As the bulk density indicates the solid material volume. The presented results agree with previous study [18] 
who analyzed the fractal structure of activated sludge and found that the sludge was constituted by a series of 
clusters with different sizes and has various holes and gaps that formed a range of pore structures which enabled 
sludge to have a high void volume. Such a fact makes the sludge to be used in agriculture to store irrigation wa- 
ter and keep good aeration to the soil. Thus, it improves the soil texture. Our results agree with Hu et al. [19] 
who found similar bulk density of sludge (1.05 g/cm3). 

3.2. Water Holding Capacity 
Water holding capacity or water retaining capacity is one of the main parameters to determine the suitability of 
sludge to agricultural lands. The average moisture content of sludge on air dry basis is about 1.81% ± 0.06% 
which is several times higher than sand (0.14% + 0.02%). In addition water holding capacity of sludge is about 
54.45% ± 1.1%. This indicates that water holding capacity of sludge is nearly 2 times higher than soil water 
holding capacity as shown in Table 2. 

These results lead to the conclusion that if the sludge is used as a conditioner for any soil, it will increase the 
water holding capacity. Consequently, a reduction of irrigation water in agriculture may occur. The explanation 
of these results is that the sludge has more porosity because of its fine particles and less permeability. These re- 
sults are in accord with the data in Table 1. 

3.3. Hydrophobicity of Sludge Samples 
It has been reported that the sludge water drip penetration time (WDPT) was 114.77 ± 16.76 seconds and the 
average wetted radius was 0.44 ± 0.09 cm. Meanwhile, sludge oil drip penetration time (ODPT) was 5.05 ± 1.26 
seconds and the average wetted radius was 1.25 ± 0.14 cm. On the contrary, the WDPT of sand was 0.86 ± 0.22 
sec(s) and the average wetted radius was 1.167 ± 0.164 cm whereas the sand ODPT was 10.11 ± 2.02 sec(s) and 
the average wetted radius for the oil drops on sand was 1.07 ± 0.14. In addition, the ratio WDPT/ODPT of 
sludge is 22.73 which is higher than 1 and the ratio WDPT/ODPT of sand is 0.08 sec(s) which is much lower 
than 1 as shown in Table 3. 

This means that the water drop needs more time than the time needed for an oil drop to penetrate the sludge 
surface. This leads to the conclusion that the sludge is a hydrophobic more than sand indicating that there may 
be retardation and/or reduction in the infiltration rates of rainfall to the aquifer if applied in agriculture [16] [20] 
[21]. This in turn, may lead to increased surface runoff [22], soil erosion [23], which may cause inhomogeneous  
 

Table 1. Bulk and true density and void volume. 

Item Value 

Bulk Density 1.18 ± 0.04 

Real Density 2.13 ± 0.15 

Void Volume 50% ± 3.6 

 
Table 2. Water holding capacity and moisture content for sludge. 

Sample Water Content (%) Water Holding Capacity (%) 

Sludge 1.81 ± 0.06 54.45 ± 1.1 

Sand 0.14 ± 0.02 32.05 ± 2 
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distribution of water and nutrients in the root zone of crop plants and may accelerate pollutant transport to the 
ground water [24]-[26]. Our results agree with previous reports [17], who found similar results in drop penetra- 
tion for TWW in agricultural irrigation. Furthermore, sand WDPT was 0.86 ± 0.22 seconds and sand ODPT was 
10.11 ± 2.02 seconds and the ratio WDPT/ODPT was 0.08 which is less than 1 meaning that the WDPT is less 
than the ODPT for sand. This indicates that sand has hydrophilic surfaces. The photos of water drop before and 
after penetration on the sludge surface are shown in Figure 1. 

It is obvious from Figure 1 that water drop is stayed on the surface of the sludge for longer time due to the 
water repellency with the sludge surface. It was not possible to get a photo for water drop in sand because it 
disappeared immediately from surface as shown from the presented results in Table 3. 

A comparison between water drop and oil drop sludge aggregates is shown in Figure 2. 
It is obvious from Figure 2 that sludge water aggregates are smaller than oil sludge aggregates due to the hy- 

drophobicity of sludge surface, water diffusion diameter in sludge is smaller that oil diffusion diameter as shown 
in Table 3. Accordingly, the aggregates size of the oil drop is larger than in sand. The explanation of these re- 
sults is that sludge samples contain high fraction of organic matter that make a layer that prevents water penetra- 
tion due to the hydrophobicity of water. Furthermore, in chemistry, the like dissolve like. This means that hy- 
drophobic solvent dissolve hydrophobic (organic) materials. And hydrophilic solvent (water) dissolve hydro- 
philic materials (e.g. NaCl). Due to surface tension and bi-bonds and hydrogen bond interactions, it is hardly to 
dissolve organic material or NaCl in organic solvent. For water and sludge this is like two different solvents in 
the interphase. Accordingly, the values of WDPT were very high due to high fraction of organic carbon. Similar 
results were observed when TWW was used for irrigation [27]. The low value of ODPT is due to possible dis- 
solving of oil drop in the organic layer in sludge. 

3.4. Particles Size Distribution of Sludge Samples 
Particle size distribution of sludge is shown in Figure 3. It is obvious that the large size particles (630 - 200 µm) 
have the highest percent size fraction which is nearly equal to 90% while the medium size particles (200 - 20 µm) 
have percent size fraction which is nearly equal to 10% and the fine size particles (<20 µm) have percent size 
fraction which nearly is equal to 3%. The medium size particles are nearly similar. 

These results can be attributed to the fact that large size particles may be sand small gravels or other aggre- 
gates. The explanation of these results is that the large size fraction may be consisting of small size particles that  
 
Table 3. Average water and oil drop penetration time ± standard deviation. 

Sample type WDPT (sec) Radius (cm) ODPT (sec) Radius (cm) WDPT/ODPT 

Sludge 114.77 ± 16.76 0.44 ± 0.09 5.05 ± 1.26 1.25 ± 0.14 22.73 

Sand 0.86 ± 0.22 1.167 ± 0.164 10.11 ± 2.02 1.07 ± 0.14 0.08 

 

 
Figure 1. Water drop penetration, left photo shows water drop at time zero, right photo shows penetrated drop. 
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Figure 2. Water and oil drop on sludge aggregates. 

 

 
Figure 3. Particle size distribution of sludge samples as percent frac- 
tion. 

 
aggregate together throughout cementing materials which make them stable against fractionation. The presented 
results agree with Verawaty et al. [28] who studied the particle size growth in aerobic granular sludge systems 
and revealed that granules in the reactors did equilibrate towards a common critical size of around 600 - 800 μm. 
Further supports to the presented results come from the results of Ruan and Liu [18] who analyzed the fractal 
structure of activated sludge flocs using the small-angle light scattering (SALS) experiment and revealed that the 
sludge floc was constituted by a series of clusters with different sizes and has various holes and gaps and there 
were a range of pore structures within the sludge floc. 

3.5. pH, EC and TDS Values of Sludge Samples 
As shown in Table 4, the sludge samples have an average value of pH equals to 6.78 with a standard deviation 
of 0.02. This value is approximately in the acidic range of pH. 

This result can be explained by the fact that sludge samples contain large fraction of organic nitrogen (Data 
not shown) which may be decomposed into amino acids that maybe ionized and produced hydrogen ion that is 
responsible of the acidity. However, this value of pH indicates that the sludge acidity is not so severe and it is in  

 

Oil drop on Sludge aggregates 

Water drop on Sludge aggregates 
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Table 4. pH and EC values of sludge samples. 

Property Value 

pH 6.78 ± 0.02 

EC (mS∙cm−1) 2.49 ± 0.04 

TDS (mg/l) 256.4 ± 47.05 

 
Table 5. Total organic carbon and ash percents. 

%TOC 89.53 ± 0.92 

%Ash 10.47 ± 0.93 

 
the acceptable range in terms of agricultural use [29]. 

The importance of pH value of sludge emerges from the fact that the solubility of heavy metals in sludge 
samples is pH-dependent. Accordingly, acidic media may enhance the solubility of heavy metals in sludge sam- 
ples and make them dynamically toxic. Thus, high risk may be associated with acidic pH range and the opposite 
is true for alkaline pH. It is obvious that EC value of the sludge samples is 2.49 ± 0.04 mS∙cm−1 as shown in 
Table 4. This may be due to the accumulation of high soluble salts in the sludge samples which comes from the 
nature of the treated waste water, where Gaza is known for its high saline wastewater [5]. This EC value indi- 
cates a high salinity and also indicates that a large fraction of natural salts are available in sludge. This value of 
EC indicates that the sludge cannot be applied in all agricultural crops due to this high salinity. Moreover, the 
importance of EC value emerges from the fact that it represents all soluble salts in sludge at dry conditions as in 
Gaza this may enhance the accumulation of salts on the surface of sludge samples or soil treated with sludge. 
This situation may lead to the loss of soil productivity. Our explanation is supported by the results of [30] who 
found rather saline EC (14 mS∙cm−1) of the saturated paste extract. It can be seen from Table 4 that the Total 
Dissolved Salts (TDS) value of the sludge samples is 256.4 ± 47.05 mg/l. This value of TDS is not so high. 

3.6. Organic Fraction of Sludge 
As shown in Table 5, the percent organic fraction is about 89.53% ± 0.92% and ash% is about 10.47% ± 0.93%. 
The high fraction of organic matters in sludge is responsible for the high values of WDPT. This may enhance 
water repellency and water runoff. Furthermore, this high fraction of organic matters is in accord with the frac-
tion of Total Kjeldahl Nitrogen (TKN) (data not shown). 

Our results agree with the recent report [31] who evaluated the nutrients removal from the supernatant origi- 
nating from the anaerobic digestion of the organic fraction of municipal solid waste using biological means. 
They reported that such effluents are characterized by high nutrient content, because organic and particulate ni- 
trogen and phosphorus are hydrolyzed in the anaerobic digestion process and needs adequate post-treatment 
such as physicochemical and biological processes. 

4. Conclusions 
Our approach is based on determination of physical, chemical and biological properties of sludge. We took a 
representative sample from different locations from Sheikh Ejleen WWTP. It can be seen that the bulk density 
of sludge is nearly low 1.18 ± 0.04 g/cm3 (Table 1) with a high fraction of organic carbon which is 89.53 ± 0.92 
(Table 5) and high hydrophobicity (WDPT equals 114.77 ± 16.76 sec). 

The pH value of sludge is slightly in the acidic range which equals 6.78 ± 0.02 (Table 4) but its application in 
soil did not make significant changes in soil pH (data not shown). 
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