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Abstract. Coagulation process using aluminum sulfate (Al2(SO4)3) and ferric chloride (FeCl3) was employed as a 

treatment method for decolorization of a synthetic textile wastewater containing red dye in this paper. Factors such 

as initial pH, coagulant dosage, initial concentration, conductivity and mixing conditions that influence color 

removal efficiency were experimentally tested. It was found that Al2(SO4)3 is more efficient than FeCl3 as 

coagulant. When 40 mgL
-1

 aluminum sulfate was used, results showed that color induced by the red dye was 

efficiently removed ( 90 %) and was obtained in a large range of initial pH from 4 to 8 with, and for a dye 

concentration lower than 235 mg L
-1

. After addition of the coagulant, the medium had to be mixed for 30 min at 

60 rpm, then allowed to settle for 40 min. The effects of water conductivity in the range 0.035 - 2.42 mS cm
-1

 and 

dye concentration up to 380 mg L
-1

 were also followed and discussed.  
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1. Introduction 
 

The textile industry is known as a water intensive sector which employs a wide variety of processes. The 

dyeing step in the textile production has the largest risk for the environment due to high concentrations of 

organic dyes, additives and salts used (Van der Bruggen et al. 2004, Chafi et al. 2011). Most of the time, this 

process represents the major part of the water consumption and generates wastewaters characterized by high 

chemical oxygen demand (COD), high dissolved and suspended solids, and high color contents (Pela and 

Tokat 2002, Barka et al. 2011).  

The dyes are one important part of the pollution problem as it is estimated that 50 % of their amount is 

not fixed on fibers and remain free in the wastewater generated. A number of treatment procedures have 
been proposed to solve this problem, e.g. adsorption, electrocoagulation, chemical coagulation, 

electrochemical oxidation, microfiltration, nanofiltration filtration and biological treatment (Rossini et al. 

1999, Kim et al. 2003, Verma et al. 2012, Şengil and Özdemir 2012, Verma et al. 2014, Zerrouki et al. 2014, 

Tahri et al. 2012). First, activated carbon adsorption presents additional cost and difficulty in the 

regeneration process, coupled with a high waste disposal cost. Similarly, advanced oxidation processes such 
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as ozonization, UV and ozone/UV combined oxidation, photo-catalysis (UV/TiO2), Fenton reactive and 

ultrasonic oxidation are not yet economically viable. Also, biological methods cannot be applied to most 

textile wastewaters due to the toxicity of most commercial dyes to the microorganisms used in the process 

(Shen and Wang 2002, Rasorio et al. 2002, Stanislaw et al. 2001, Arslan et al. 2002, Can et al. 2006, Joseph 

et al. 2012). Chemical coagulation (CC) may be induced by the destabilization of the electrostatic 

interactions between the dye molecules and water, upon addition of a chemical reagent, namely, the 

coagulant. Many chemical coagulants are available for wastewater treatment, such as aluminum chloride, 

alum and derivatives, lime or ferric chloride, magnesium chloride (MgCl2), polyaluminium chloride (PACl) 

(Tan et al. 2000, Matilainen et al. 2010, Moghaddam et al. 2010, Verma et al. 2014). However, Al2(SO4)3 

and, to a lesser extent, FeCl3 are among the most popular. The coagulation step is followed by flocculation, 

which can be favored by additives, such as synthetic polymers with a linear structure and a high molecular 

weight. Dye removal by coagulation is not based on the partial decomposition of dye compounds, thus no 

potentially harmful and toxic intermediates are produced. Furthermore, this process can be used in large-

scale operation with relatively high operability and cost effectiveness (Kim et al. 2004, Papi´c et al. 2004, 

Selçuk et al. 2004). The majority of the studies focus itself on the study of the various types of coagulants 

and flocculants. Few studies have focused on the effects of operating parameters such as the mixing rate, 

mixing time and settling time (Rossini et al. 1999, Lee et al. 2006, Guida et al. 2007, Joo et al. 2007, Mo et 

al. 2007). On the basis of the above discussion, the main objective of this study was to examine the chemical 

coagulation performance of aluminum sulfate and ferric chloride at various dosages to removal color and to 

reduce COD under different operating conditions, such as pH conditions, initial concentrations, mixing 

conditions, conductivity and settling time: the optimal parameters for COD reduction and color removal for 

a synthetic and real textile wastewater could then be determined.  
 

 

2. Materials and methods 

  
2.1 Coagulation experiments  
 
Coagulation process was investigated in the batch mode by running series of six experiments in parallel 

in a multiple stirrer jar-test apparatus. Two coagulants were compared: aluminum sulfate (Al2(SO4)3, 18H2O) 

and ferric chloride (FeCl3, 6H2O). The experiments were carried out at room temperature (24  2 °C), using 

a 1000 mL wastewater sample, by applying six different coagulant concentrations ranging from 20 mg L
-1

  

to 120 mg L
-1

. During the tests, coagulant has been dispersed rapidly in a first time with rapid agitation of 

180 rpm for 3 min; these stirring conditions were kept constant for all the experiments. According to the 

literature, this phase would have little influence on pollution abatement (Semmens and Field 1980, Lefebvre 

and Legube 1990). As a matter of fact, duration of the stirring phase can vary from a few seconds to 10 

minutes, but the low effect of the time period is explained by the fact that the hydrolysis reactions of the 

coagulant are usually very fast processes. Then, coagulation was studied at slower stirring speed: 30 rpm, 40 

rpm and 60 rpm, respectively, for two mixing time periods at 20 min and 30 min. Once stirring was stopped, 

settling could occur. The settling time was varied between 10 min and 60 min. After settling, 20 mL of 

supernatant fluid was taken out at a fixed distance of 2 cm below the air-liquid interface with a syringe for 

pH, color and COD measurements.  

 
 

2.2 Chemicals and methods 

Experiments were carried out using a red dye solution (Fig.1) with a total concentration (Ci) that was 

varied between 25 mg L
-1 

and 380 mg L
-1

. This dye belongs to the dispersive dye class (Kim et al. 2002, 

Chafi et al. 2011), which covers nearly insoluble organic and non-ionic compounds that are however applied 

in aqueous solution using the simple immersion technique (Kim et al. 2002). The dye used and its 



concentration are typical of wastewater from Algerian textile factories. Synthetic solutions were prepared by 

mixing the dye in tap water in a wastewater tank. Solution conductivity () and pH were measured using a 

CD810 conductimeter (Radiometer Analytical, France) and a ProfilLine pH197i pHmeter (WTW, Germany). 

Dye concentration was estimated from its absorbance characteristics in the UV–vis range (200–800 nm), at 

the wavelength corresponding to the maximum intensity (max = 450 nm) using a UV–vis spectrophotometer 

(Pye Unicam, SP 8–400, UK). Measurements were carried out in triplicate. COD was measured using the 

standard closed reflux colorimetric method. The COD of the textile wastewater used was near 2500 mg L
-1

. 

The pH of wastewater before coagulation was varied from 2.65 to 9.1 using aliquots of 0.1 M H2SO4 or 

NaOH solutions (Jiang and Graham 1996, Kim et al. 2002, Kobya et al. 2003, Alinsafi et al. 2005, Zodi et al. 

2011).  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 1 Molecular structure of the constituents of the red dye  

 
 
Samples were collected and filtered using 0.45 µm membrane filters for residual dye measurements. 

Absorbance at 450 nm was measured every 10 min in order to follow the evolution of color removal vs. time. 

For COD, only the initial value before coagulation and the final value after settling were measured. COD 

and color removal efficiencies (YCOD, YCOL) were therefore expressed as a percentage and defined as: 
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In Eq. (1), Ci and Cf are the initial and final dye concentrations expressed in mg L
-1

 of the jar test, 

respectively. The same subscripts, “i” and “f”, are used to distinguish initial and final COD values in Eq. (2). 

Statistical analysis on replicated measurements gave access to YCOL values with  0.2% and YCOD values   

1% accuracy. 

 

 
3. Results and discussions 
     

3.1 Effects of mixing rate, mixing time and settling time on the color removal efficiency 

 
In order to analyze the respective effects of mixing rate and mixing time on the color removal efficiency, 

C 
OH 

O 

2- naphtoic acid 

OH 

2-naphtol 



Fig. 2 illustrates the influence of mixing rate in the range 30-60 rpm as a function of settling time for 20 and 

30 min mixing time, respectively. Fig. 2 presents the particular case of 20 mg L
-1

 Al2(SO4)3 as a coagulant 

with a 100 mg L
-1

 initial dye concentration at pH 6.5 and  = 2.4 mS cm
-1

: this example is representative of 

the trends observed for other dye and coagulant concentrations.  

 

 
  

Fig.2 Effects of mixing speed, mixing time and settling time on the color removal efficiency: Ci = 100 mg/L, 

initial pH 6.45,  = 2.4 mS/cm (aluminum sulfate) 

 
 
Experimental results show that the color removal efficiency YCOL increased with mixing time and settling 

time, but also with the mixing rate in the moderate range studied, as only moderate rotation speeds were 

studied. The efficiency enhancement by increased rotation rate over 40 rpm became however insignificant 

with a 30 min-long mixing period. Similarly, mixing at 60 rpm allowed YCOL to be improved by only 2%. 

Settling time is the parameter that exhibits the lowest effect over 10 min: only a slight increase was observed 

for settling time at 40 min or below. In Fig. 2, it must be mentioned that the maximum color removal 

efficiency was 63.8 % upon 30 min mixing at 60 rpm and 40 min settling. This efficiency constitutes an 

insufficient result that must still be improved, for example by changing the coagulant type and its dosage. 

 
 
3.2 Effects of coagulant type and dosing on the color removal efficiency 
 
3.2.1 Aluminum sulfate  
The effect of aluminum sulfate dosage is shown in Fig. 3. All parameters, except the coagulant dosage, 

were kept constant. It can be clearly seen that color removal increased with higher aluminum contents until a 

plateau value could be attained. As a matter of fact, for an initial pH value of 6.5, the color removal rose 

steeply from 20 to 40 mg L
-1

 coagulant added, whereas further addition of aluminum sulfate resulted only in 

insignificant improvement of performance, giving a total color removal near 94 % after 40 min settling with 

a stirring speed of 60 rpm. It is worth of note that the settling time had nearly no influence on color removal, 

as shown in Fig. 2, whatever the coagulant dose. In Fig.3, the color removal seems to exhibit a flat 

maximum for coagulant dose ranging from 20 to 60 mg L
-1

, especially upon 30 minute-long settling. The 

highest efficiency at pH 6.5 is therefore obtained with 40 mg L
-1

 aluminum sulfate. The existence of a flat 

maximum is not surprising, since it is actually known that too large coagulant dosages can be detrimental 

because of extensive precipitation of aluminum hydroxide in excess, which slightly hinders the coagulation 
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(Duan and Gregory 2003, Verma et al. 2014). 

 

 
Fig. 3 Effect of coagulant dosage and settling time on the color removal efficiency: Ci = 100 mg/L,  

initial pH 6.5,  = 2.4 mS/cm, mixing speed = 60 rpm, mixing time = 30 min (aluminum sulfate) 

 
3.2.2 Ferric chloride  
The study of the effect of the iron chloride dosage on color removal has been undertaken using 

a method similar to that used for Al2(SO4)3 in the previous section. First, the effect of settling time 

has been shown to be negligible in the range studied, as for aluminum sulfate. However, the effect 

of coagulant dose strongly differs from the former case, as seen in Fig. 4. Indeed, it is obvious that 

the amount of ferric chloride required for achieving an YCOL value of 90 % is far higher than with 

aluminum sulfate (Fig. 3): 120 mg/L iron chloride are needed in comparison with only 40 mg L
-1

 

aluminum salt. The above mass concentrations correspond to very different metal form 

concentrations, at 0.44 mM for iron chloride, and only 0.06 mM for trivalent Al. From Fig.4, it is 

clear that coagulation by charge neutralization prevails up to 60 mg L
-1

, which corresponds to a 

maximum color removal efficiency of about 74 %. However, the weak maximum due to charge 

reversal and particle destabilization is replaced for FeCl3 by a short plateau region between 60 and 

80 mg L
-1

 coagulant, followed by an increase in YCOL that can be attributed to a hydroxide 

precipitation-driven coagulation mechanism (Duan and Gregory 2003).  

The data obtained suggest that color removal does not correspond a simple complexation of the 

dye molecule with the metal species with a given stoichiometry since Fe and Al species act in very 

different manner, but obeys to more complex phenomena, involving likely the morphology of the 

hydroxides formed: Al and Fe hydroxides have actually very different morphology and texture. 

Nevertheless, due to the poor performance of ferric chloride as a coagulant, only aluminum sulfate 

has been used in the following sections. 
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Fig.4 Effect of coagulant dose and settling time on the color removal efficiency: Ci = 100 mg/L, initial pH 

6.5,  = 2.4 mS/cm, mixing speed = 60 rpm, mixing time = 30 min (ferric chloride) 

 

 

3.3 Effect of inlet solution pH on the color removal efficiency 
 

The inlet solution pH of wastewater is a key parameter in the coagulation process (Olthof and 

Eckenfelder 1976, Szygu1a et al. 2009, Li et al. 2010, Matilainen et al. 2010). The use of 

coagulant at its optimum pH allows maximum pollutant removal (Amokrane et al. 1997, Szygu1a 

et al. 2009, Moghaddam et al. 2010, Joseph et al. 2012). Fig. 5 gives the solubility diagram for 

aluminum hydroxide, Al(OH)3(s), assuming only mononuclear species. Al(OH)3 formed at pH 5.0-

8.5 interval. The solubility boundary denotes the thermodynamic equilibrium that exists between 

the dominant aluminum species at a given pH and solid aluminum hydroxide. The minimum 

solubility occurs at approximately pH 6.5, with solubility increasing as the solution becomes more 

acidic or alkaline. However, as the aluminum concentration increases, polynuclear aluminum 

complexes are formed and aluminum hydroxide precipitates. Examination of activity–pH diagram 

for Al(III) species in equilibrium with Al(OH)3(s) shows that dominant Al(III) species is in the form 

of Al(OH)3(s) in the 5.0–8.5 pH range.  
 

Correspondingly for iron (Fig. 6), after the electrogeneration of ferric ions, monomeric ions, 

ferric hydroxocomplexes with OH
-
 ions, and polymeric species may be formed. These species 

include Fe(OH)2
+
, Fe2(OH)2

4+
, Fe(OH)4

-
, Fe(H2O)5OH2

+
, Fe(H2O)4(OH)2

+
, Fe(H2O)8(OH)2

4+
, and 

Fe2(H2O)6(OH)4
2+

. As with aluminum, these species will further react to form Fe(OH)3 (Kobya et 

al. 2003). One of the main factors effecting the formation of the metal complexes is solution pH. 

The dominant species in solutions with a pH value above 9 are Al(OH)4
-
 and Fe(OH)4

-
 (Figs. 5 and 

6). These forms don’t contribute to floc formation (Chafi et al. 2011, Holt et al.2002, Adjeroud et 

al. 2015). 
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Fig.5 Solubility diagram of aluminum hydroxide Al(OH)3(s) considering only mononuclear aluminum 

species (Holt et al. 2002) 

 

 

 
 

Fig.6 Speciation diagram for iron (Cook et al. 2012) 

 
To determine the optimum pH of the coagulation process, 40 mg aluminum sulfate - on the 

basis of Fig. 3 - have been added to each jar containing 1000 mL of wastewater at different pH 

values, adjusted using H2SO4 or NaOH aliquots. The effect of initial pH on color removal is shown 

in Fig. 7. It can be noticed that color removal is the most effective (i.e. between 86 and 93.6 %) in 

the pH range 4.0 - 7.8. The maximum efficiency of color removal was observed at inlet pH 5.5 

with YCol = 93.6%. This corresponds to the region where positively charged Al(OH)
2+

 and 

Al2(OH)2
+
, and insoluble Al(OH)3 species prevail (Duan and Gregory 2003, Chafi et al. 2011) : 

cations are able to conduct primarily charge neutralization, as colloidal particles are usually 

negatively charged, while insoluble species favor precipitation coagulation. Conversely, YCOL falls 

when soluble Al(OH)4
-
 anions become predominant at high pH.  

 



 
Fig.7 Effect of initial pH on the color removal efficiency: Ci = 100 mg/L, mixing speed = 60 rpm,  

mixing time = 30 min, 40 mg/L of Al2(SO4)3,  = 2.4 mS/cm  

 
 

In Fig. 7, the maximum color removal was observed for an initial pH around 5.5. However, the 

pH changed during coagulation process, as already described in many papers (Bayramoglu et al. 

2007, Can et al. 2006, Essadki et al. 2007, Daneshvar et al. 2006, Merzouk et al. 2009, Merzouk 

et al. 2009, Cañizares et al. 2009, Attour et al. 2014). Its evolution depended mainly on the initial 

pH and the buffering capacities of the liquid to be treated. Indeed, coagulation process exhibits 

some buffering capacity because of balanced production and consumption of hydroxide anions and 

presence of Al (III) species. From the values of the final pH values (Table 1) it appears that for 

initial pH larger than 5 or so pH decreases during coagulation; otherwise, the opposite pH 

variation is observed. This critical pH value seems to correspond to equilibrium of production and 

consumption of OH
-
 anions during the coagulation.  

 
Table 1 Evolution of pH values during coagulation process during 40 min settling time for different values 

of initial pH: Ci = 100 mg/L, mixing speed = 60 rpm, mixing time = 30 min, 40 mg/L of Al2(SO4)3,  = 2.4 

mS/cm 

 
Initial pH 2.7 4.0 5.1 6.4 7.8 9.1 

Final pH 3.0 4.2 4.5 5.7 6.0 6.8 

 
 

3.4 Effect of inlet dye concentration on the color removal efficiency 
 

Fig. 8 illustrates the variation of color removal with the inlet concentration of the dye, using the 

optimum conditions obtained previously for mixing rate (60 rpm), mixing time (30 min), 

coagulant dose (40 mg L
-1

), settling time (40 min) and pH (5.6). In this figure, dye solutions with 

different inlet concentrations in the range 25-380 mg L
-1

 were treated by coagulation process. Data 

show that CC gave satisfactory results for all the concentrations studied, as YCOL was always 

higher than 80 % and decreased from 91.2 to 82.4 % when Ci was increased from 230 to 380 mg 

L
-1

 (Fig. 8). To conclude, the coagulation process based on Al2(SO4)3 is robust because it can 
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achieve more than 80 % color removal in a large range of dye concentration. As a matter of fact, 

the removal yield remains higher than 90 % when Ci is in the range 60 - 230 mg L
-1

. Again, the 

effect of the settling time remains negligible, particularly when the plateau region of Fig. 8 has 

been reached.  

 
Fig. 8 Effect of initial dye concentration on the color removal efficiency: mixing speed = 60 rpm, mixing 

 time = 30 min, 40 mg/L of Al2(SO4)3,  = 2.4 mS/cm, initial pH 5.6 

 
3.5 Effect of wastewater conductivity on the color removal efficiency 
 
In a general manner, the electrical conductivity affect the thickness of the double layer of any 

interface in the considered system (reactor wall, electrodes, suspended matter etc.): increasing the 

conductivity is to reduce this thickness, with possible effect on zeta potential. In electrocoagulation 

processes, NaCl acts first as supporting electrolyte, but chloride anions may also be oxidized in 

active chlorine forms, such as hypochlorite anions, that may contribute to pollution removal 

(Essadki et al. 2007). Sodium chloride is usually added in wastewater to increase the ionic strength 

of the water to be treated, especially when non-ionic pollutants prevail. Indeed, ionic strength 

reduces zeta potential due to its screening effect on the electrical charges. Increasing water 

conductivity using NaCl has other advantages: e.g., chloride anions could significantly reduce the 

adverse effects of other anions, such as HCO3
−
,
 
on coagulation and electrocoagulation (Duan and 

Gregory 2003, Sánchez Calvo et al. 2003). In this work, conductivity and ionic strength of 

wastewater were adjusted using NaCl in the range 1500–5000 mg L
-1

. The effect of salt addition 

on performance of the CC process is shown in Fig. 9. 

Experimental results illustrate the weak change in color removal efficiency along time by the 

electrolyte concentration. The figure shows that YCOL decreased when conductivity was increased. 

For example, upon  increase from 830 to 2620 µS cm
-1

, YCOL was slightly reduced, from 91.8 to 

88.1 %. This result, contrary to expectation, results partly from the absence of bicarbonate anions 

in the synthetic wastewater, while chloride cannot reduce the role of SO4
2-

 anions as interface co-

ordinator with aluminium (Duan and Gregory 2003). As a conclusion, contrary to what has been 

observed in the treatment by electrocoagulation (Essadki et al. 2007, Merzouk et al. 2009, 

Merzouk et al. 2009, Chafi et al. 2011, Drouiche et al. 2012, Adjeroud et al. 2015) treatment of the 

effluent by coagulation is affected by the increase in salinity.  

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 50 100 150 200 250 300 350 400 

C
o

lo
r 

re
m

o
v
al

 e
ff

ic
ie

n
cy

  
(%

) 

Initial concentration (mg/L) 

10 

min 

20 

min 



 
Fig.9 Effect of salt addition through water conductivity on the color removal efficiency: Ci = 100 mg/L, 

mixing speed = 60 rpm, mixing time = 30 min, 40 mg/L of Al2(SO4)3, initial pH 6.5 

 
 

3.6 Effect of CC process on COD in the effluent stream 
 

The textile wastewater used in this research was taken from the effluent of the textile factory in 

Algeria (TINDAL – M’sila) which contains the same red dye. The initial COD of the textile 

wastewater used was about 2500 mg L
-1

. During the CC process under the following conditions 

(mixing rate = 60 rpm, mixing time = 30 min, settling time = 40 min, coagulant dose equal or 

higher than 40 mg L
-1

 aluminum sulfate, initial pH 8.14 and conductivity  = 5.210 mS cm
-1

), the 

COD abatement was 50 %. This result shows that the high abatement of the color from the red dye, 

near 94% does not correspond directly to elimination of the COD because of the colorless 

compounds present in the effluent.  

 

 

4. Conclusions 
 

To conclude, the treatment of textile wastewater using the sequential addition of a chemical 

coagulant enhances clearly color removal and COD reduction and produces lower volume of 

decanted sludge when aluminum sulfate is used instead of ferric chloride. When the initial pH is 

near 5, the change in pH during the treatment remains low and coagulation efficiency is maximal 

with aluminum salts, resulting in 94% color reduction upon addition of coagulant at 40 mg L
-1.

 

Additionally, this coagulation procedure is robust, since it can treat efficiently wastewater with dye 

concentrations up to 380 mg L
-1

 and it depends only slightly on the initial wastewater pH in the 

range 4.0 and 7.0. Contrary to electrocoagulation, no NaCl addition is required, which can avoid 

additional environmental issues caused by too high salinity of the water. Finally, other operating 

parameters such as mixing rate, mixing time and settling time play only a key role when they are 

higher than the following values: 30 rpm, 20 min and 10 min, respectively. However, contrary to 

pH value and coagulant dose which mainly depend on physical chemistry of wastewater, an 

adequate scale-up procedure is required for these parameters before testing the applicability of this 

coagulation procedure in a continuous wastewater treatment.  
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