
  

 

Abstract—Sludge, is a by-product from the water works 

plants, has become a new challenge for the Egyptian government. 

In this study, a novel combination of chemical conditioning, 

Fenton’s reagent, with the application of solar drying were 

examined. Evaporative solar dryer system has been installed on 

the sun-shine to convert alum sludge into a drier, through solar 

radiation exposure resulting in decreased moisture 

concentration. The experimental design methodology was 

applied to optimize the dewatering techniques using the 

solar-photo-Fenton’s reagent. The variables considered were the, 

H2O2 and Fe3+ concentrations and pH of the sludge. The 

experimental design allowed to develop the model for optimizing 

the reaction variables (after 3 h of reaction). Under the optimum 

conditions, 94% solids was experimentally reached. Both H2O2 

and Fe3+ concentrations have an important effect in the 

dewatering. Solar sludge drying was proved to be efficient for 

regions which receive high annual solar radiation such as Egypt. 

 
Index Terms—Alum sludge, drying, Fenton’s reagent, 

response surface methodology, solar energy.  

 

I. INTRODUCTION 

A large quantity of sludge is generated each year from 

water treatment plants in Egypt. Aluminium sulphate is 

arguably the most widely used coagulant in that drinking 

water treatment plants. Disposing such sludge to the nearest 

watercourse is the common practice in Egypt, which 

accumulatively rise the aluminum concentrations in water and 

consequently in human bodies [1].  Traditionally, chemical 

conditioning is widely applied to improve the sludge 

dewaterability [2]-[6]. This includes the use of various 

organic polymers [7]-[9] and surfactants [10]. 

On the other hand, in recent years, advanced oxidation 

processes (AOPs) for sludge conditioning have been gaining 

increased global attention, Fenton’s reagent [11]. This is due 

to the recognized potential of such processes and the 

perceived long term risks of polymer residual to environment. 

On the contrary, there is very little information found in the 

literature on the use of the Fenton’s reagent for water 

treatment sludge conditioning. In our previous study, the 

effectiveness and optimization of Fenton’s reagent for an 

alum sludge conditioning were preliminarily investigated 
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[12]-[14]. The addition of Fe
2+

/H2O2 led to a considerable 

improvement in the alum sludge dewaterability reached to 

47% evaluated by the capillary suction time.  

Over the last years, solar sludge drying has acquired 

significant interest. Sludge drying is, obviously, dewatering 

the sludge completely after dewatering. This usually involves 

sludge drying beds in a solar sludge drying process. In fact, 

sludge drying is largely a process used in sewage treatment. 

Lower operating costs, and the heat needed for the drying 

process currently comes solely from the sun. 

Factors to control the Fenton reaction process are the 

amounts of Fe
2+

 and H2O2.  Optimising such amounts plays a 

key role towards the success of the Fenton process. A 

statistical-based technique commonly known as RSM 

(response surface methodology) [15] as a powerful 

experimental design tool has been increasingly applied in 

many fields including wastewater treatment and sludge 

pretreatment to study the optimization of the treatment 

process [16]-[18]. However, it has not been well exploited to 

optimize water treatment sludge conditioning using Fenton 

reagent according to the literature survey.  

The intent of this study is to explore the use of Fenton’s 

reagent as an alternative conditioner in the presence of solar 

energy using solar dryer. To achieve the maximum sludge 

drying rate RSM was applied to obtain the optimum Fenton’s 

reagent parameters. 

 

II. MATERIALS AND METHODS 

A. Materials  

Alum sludge samples (see Table I) used during this study 

were taken from a water treatment plant, Kedwan Station in 

Minia city, in the south of Egypt. In this station the treatment 

process uses aluminium sulfate to treat water taken from The 

River Nile.  

 
TABLE I: PROPERTIES OF ALUM SLUDGE USED IN THIS STUDY SETTING 

PARAMETERS, UNIT VALUE 

  

SUSPEND SOLID (SS), MG/L 2,364 

PH 8.5 

SRF, M/KG 2.24×1013 

TURBIDITY (SUPERNATANT), NTU 274 

MOISTURE CONTENT, % 97 

 

Fenton reagent, as the conditioner, are prepared by making 
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a solution from Fe
2+

, namely, Ferrous Oxalate (Fe(C2O4)) and 

Commercial H2O2 (30% by wt.) was used.  H2SO4 and NaOH 

are used for pH adjustment of the sludge samples. All of those 

chemicals were supplied by Sigma-Aldrich. 

B. Low-Cost Solar Drier 

Fig. 1 shows the solar drier which consists of two parts: a 

flat plate collector, used as an air heater, and a drying chamber. 

The solar collector is a 300 × 100 cm wooden box which is 

insulated at the top with a UV- stabilized glass cover and 

insulated. The solar collector is connected at its end to the 

drying chamber and at its front to the air blower, to provide air 

at the required flow rate. The drying chamber is fitted with 

trays for easy loading and unloading of the products to be 

dried.  

The experimental setup is located at Minia City is 250 km 

south of Cairo city. The latitude and longitude of the location 

are between latitude 28° and 28°40'N and longitudes 30°50'  

and 31°30' E and 130 m above sea level, respectively. The 

region usually enjoys mild, sunny and dry seasons [19]-[21].  

 

drying 
chamber

fan

solar collector

 
Fig. 1. Solar drying assisted system. 

 

C. Experimental Procedures 

On raw sludge with aid of solar energy in Solar dryer, solar 

energy can evaporate water on a set of preliminary 

experiments. In the main experiment done, Fenton reagent 

(Ferrous Oxalate and Hydrogen pyroxide) was used with the 

aid of solar energy.  

The tests were carried out during the period of May 2013 to 

November. Experiments were started at 9.00 am and 

continued till 8.00 pm. Intensity of solar radiation was 

measured by a solarimeter (Epply Black-and-White 

Solarimeter, Model 8-48). Hot wire anemometers (Airflow, 

Model TA5, accuracy 72%) were employed to monitor the 

flow rate of the air passing through the air heater. 

Thermocouples were used to measure air temperatures in the 

collector, the air ducts and the drying chamber. The solar 

radiation in the site of the solar drying unit varied from 45 to 

1014 W/m
2
, while the ambient temperature is varied from 26 

to 42°C. Samples are left in the drying chamber until the 

desired moisture content (y) is reached by using the following 

formula, [22]: 
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Electrical energy is used only to run the air blower for the 

object of supplying the air required for the drying process. An 

air velocity of 200 m/s was found to be suitable for the drying 

unit under test. 

Moreover, a Box-Behnken experimental design [15] was 

chosen to evaluate the combined effects of the three 

independent variables, i.e. Fe
2+

 dosing, H2O2 dosing and 

initial pH as α, β and γ respectively, during the Fenton reagent 

conditioning. 

 

III. RESULTS AND DISCUSSION 

A. Performance of Solar Dryer 

The performance of a dryer, or its drying efficiency, 

depends on the duration of the drying process and the quality 

of the end product. Besides, factors such as collector 

performance and drying temperature are to be taken into 

consideration. A detailed analysis of the performance of this 

dryer is being done. The no-load tests were conducted with 

the fan working at air flow rate of 200 m/s and determining the 

hot air temperature at that condition. Solar radiation and 

temperature inside the collector were measured periodically 

along the day at time intervals of 15 minutes and the values 

are compared. During the drying operation the intensity of 

solar radiation fluctuates; leading to fluctuation in the 

temperature of air leaving the solar collector. 

 It is interested to note that the maximum rise in air 

temperature occurs shortly after solar noon, i.e., there is a time 

lag between the maximum value of solar intensity and the 

corresponding maximum value of the hot air.  This is due to 

the thermal energy stored in the solar collector as sensible 

heat and which is given up by the collector to the air during its 

passage through the collector. The same explanation is given 

for the rise of air temperature above ambient by the end of the 

sunny day whilst the solar intensity is approaching zero at 

sunset. This is good because it extends the time of operation 

of the solar dryer for a couple of hours even after sunset. 

B.  Experimental Design 

Box–Behnken design [15], which is the standard of RSM 

was selected for optimization. This factorial design was 

employed to fit the second-order polynomial models and. For 

statistical calculations, the three independent variables, i.e. 

initial Fe
2+

, H2O2 and pH, were coded as α, β, γ, respectively 

and their ranges and levels are presented in Table II.   

 
TABLE II: RANGE AND LEVELS OF THE INDEPENDENT VARIABLES 

Variable          

Range and levels 

-1 0 1 

α, initial Fe2+ (mg/l)                   
40 70 100 

β, inital H2O2 (mg/l)                  
200 500 800 

γ, pH                         2.0 5.0 8.0 

    

C.  Solar Sludge Drying with Fenton Reagent 

According to the preliminary experiments, the economical 

reaction time of drying is reached after 3 h. Values in Table II 

were converted to coded (-1, 0, 1) values and a set of 

experiments was conducted according to SAS software (The 

experimental design is shown in Table III). 
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The experiments are conducted in the solar dryer, then it is 

inserted to the software (SAS), so, the predicted values are 

given. In addition, the following second-order fitting 

polynomial equation was then obtained after the data fitting.  

The average values of %solids of the sludge obtained from 

the experiments and as the responses predicted via Eq. (2) are 

shown in Table III. It can be seen from Table III that a good 

agreement of the data between the experimental and the 

predicted is obtained.  In addition, ANOVA analysis of the 

data showed that the regression coefficient R
2
 value is reached 

to 0.96. Thus, it is reasonable to believe that model is 

accepted as regression coefficient is more than 0.8. 

Thus, eq. (2) is used by software to get the optimum values: 

ψ reached to 92.7%, Fe
2+

 and H2O2 are 40 and 610 mg/l, 

respectively and pH 7. Thereafter, those values were used to 

conduct an experiment and the moisture content reduction is 

in a good agreement with the predicted one which is 94.  

 
TABLE III:  FACTORS AND LEVELS OF BOX–BEHNKEN DESIGN FOR RSM 

AND THE PREDICTED AND EXPERIMENTALLY REDUCTION EFFICIENCIES 

Run 

no.          
Coded factors Response (y, %) 

 α β γ Experimental Predicted 

1 -1 -1 0 91.50 90.71 

2 -1 1 0 95.51 95.30 

3 1 -1 0 91.87 91.99 

4 1 1 0 88.49 89.22 

5 0 -1      -1 92.47 92.75 

6 0 -1 1 90.03 90.29 

7 0 1 -1 92.87 92.56 

8 0 1 1 92.63 92.29 

9 -1 0 -1 91.96 92.29 

10 1 0 -1 93.4 92.96 

11 -1 0 1 93.64 94.00 

12 1 0 1 88.94 88.53 

13 0 0 0 89.44 89.54 

14 0 0 0 89.50 89.54 

15 0 0 0 89.70 89.54 

 

Further illustrations between two different independent 

factors are illustrated as shown in Fig. 2-Fig. 4. 

Solar Fenton’s dewatering/conditioning indicated that the 

number and size of alum sludge flocks decreased by the solar 

photo-Fenton reaction. This is consistent with the observation 

for the sludge minimization by Fenton’s reagent [12]. The 

dewatering is carried out when the •OH radicals produced by 

photo-Fenton reaction attacked the sludge and broke up the 

sludge flocs. During the sludge dewatering, H2O2 was 

consumed by the photo-Fenton reaction. Therefore H2O2 

continuously decreased with time. Dissolved total Fe ion 

(Fe
2+

 plus Fe
3+

) concentration in the sludge rapidly decreased 

just after the initiation of the photo-Fenton reaction and was 

rather little during the photo- Fenton reaction. It might be due 

to that most Fe ions were entrapped to the sludge. 
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Fig. 2. Response surface and contour plot for alum sludge dewatering: 

X1:coded Fe2+ and X2:H2O2 vs. predicted %M.C. 
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Fig. 3. Response surface and contour plot for alum sludge dewatering: 

X1:coded Fe2+ and X3:pH vs. predicted %M.C. 

 

As shown in Fig. 2-Fig. 4, it is known that sub-optimal pH 

can decrease the amount of hydroxyl radicals, which is 

supposed to be the driving force towards the development the 

sludge dewatering [23]. An improved %M.C. reduction is 

observed when [Fe
2+

] increased. However, an increase in 

[Fe
2+

] beyond the optimum region resulted in decreasing 

the %M.C. reduction. This is mainly due to the fact that the 

excess of Fe
2+

 could negatively affect the 

coagulation–flocculation process and scavenges hydroxyl 

radicals generated through the reaction of Fenton’s reagents. 

The response surface as a function of the factors initial pH 

and [H2O2] is shown in Fig. 4. At a high initial pH, the %M.C. 

reduction increased dramatically with increased [H2O2]. This 
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finding indicates that the interaction between initial pH and 

[H2O2] is obvious. Such a finding is available in the literature 

confirming this [12]. 
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Fig. 4. Response surface and contour plot for alum sludge dewatering: X2: 

coded H2O2 and X3: pH vs. %M.C. 

 

IV. CONCLUSION 

Using free solar energy for water works alum sludge drying 

can be benefit in point of view of energy consumption and in 

consequence on the cost of the drying system. Fenton’s 

reagent was added in order to increase the efficiency of the 

drying systems. According to the obtained results and the 

optimum conditions of the system by applying response 

surface methodology.  
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