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Abstract

:

In this study, the contribution of liquid and powder detergents to the composition of domestic laundry graywater was evaluated. Dosages recommended by the manufacturers were used to prepare detergent solutions and generate laundry graywater. Solutions and graywater were characterized in terms of total solids (TS), total suspended solids (TSS), total dissolved solids (TDS), chemical oxygen demand (COD), total organic carbon (TOC), and concentration of Linear Alkylbenzene Sulfonates (LAS’s). Additionally, the effect of the type of detergent on the treatment performance was also assessed. The coagulation–flocculation process was selected as a potential alternative for treating domestic laundry graywater. Treatment performance was assessed based on the removals of TS, TSS, TDS, turbidity, COD, and electrical conductivity (EC). Optimum coagulant dosages and mixing conditions for flocculation were determined. The results indicate a differential contribution of the type of detergent to the domestic laundry graywater composition. Liquid detergents contributed with more COD and TOC and fewer solids and LAS’s, in comparison with powder detergents. Soiled clothes increased the solids and organic loads of laundry graywater; furthermore, the laundry process reduced the LAS concentration of graywater by 77% for the liquid detergent and 47% for the powder detergent. On the other hand, the coagulation–flocculation process was more effective in treating powder detergent graywater even though the liquid detergent graywater was less polluted. Removal efficiencies on the order of 95% for turbidity and 75% for TSS were achieved for powder detergent graywater; meanwhile, for liquid detergent graywater, the removals were 73% for turbidity and 51% for TSS.






Keywords:


coagulation–flocculation; soiled clothing; detergent type; domestic laundry graywater; treatment performance








1. Introduction


The use of detergents in washing and cleaning processes is so familiar and normal in our modern lifestyle that we do not pay attention to the way we use such substances. The indiscriminate and intensive use of detergents has caused the disposal of huge amounts of xenobiotic compounds into water and soil environments. Graywater from domestic laundry is one of the major contributors of surfactants contained in domestic wastewater. The washing process represents a complex interaction between soiled laundry, water, mechanical and thermal energy, and detergents. Graywater is a troublesome byproduct that has the potential to cause a number of undesirable effects in sewage treatment plants and in the environment. Virtually all of the clean water brought into the process is later released to the sewage system in the form of contaminated wastewater containing additional energy, soil from laundry, lint, dyes, finishing agents, and detergents. Detergent components are released into the wastewater either in an essentially unchanged form or as the products of reaction with other materials present [1].



Laundry graywater varies considerably in concentration and composition. These differences arise partly due to variations in laundry soil levels, although washing technology and the composition and amount of added detergent are also significant factors. Little doubt exists that laundry graywater must be generally regarded as a heavily contaminated medium; therefore, it should not be returned to receiving waters in untreated form [1]. Many new technologies have been developed to treat graywater [2,3,4]. The major difficulty in the treatment of graywater is the large variation in its composition. The chemical processes applied to graywater treatment include coagulation, photo-catalytic oxidation, ion exchange, and granular activated carbon [3]. In one study [5], the coagulation process and the magnetic ion exchange resin process were applied to shower graywater treatment. At optimal conditions, coagulation with aluminum salt reduced the chemical oxygen demand (COD) from 791 mg/L to 287 mg/L, the biochemical oxygen demand (BOD) from 205 mg/L to 23 mg/L, the turbidity from 46.6 NTU to 4.28 NTU, the total nitrogen (TN) from 18 mg/L to 15.7 mg/L, and the phosphates (PO43−) from 1.66 mg/L to 0.09 mg/L. Chang et al. [6] also investigated the flocculation process for graywater treatment. The COD and the anionic surfactant concentration were reduced by 70% and 90%, respectively. The study demonstrated that the flocculation process alone is not able to reduce the organic substances to the required reuse standard, thereby necessitating the application of biological processes.



On the other hand, water resources have being intensively exploited and polluted, and it is estimated that, in a few years, the level of water stress will be high worldwide [7,8,9,10]. With the pressure on potable water supplies continuing to increase worldwide, interest in the use of alternative water sources, such as recycled wastewater, is also growing [11,12,13]. Graywater treatment and reuse is an important alternative that has recently received considerable attention because the treated effluents can be used as an additional water source to address the demand for clean water [9,14,15]. Graywater, if properly treated, can be reused for non-potable purposes in buildings, irrigation, and other uses that do not require potable water. The level of treatment required depends on the quality of the raw graywater, as well as the intended reuse application.



Thus, the aim of this study is to show how the type of detergent contributes to domestic laundry graywater composition and how that affects treatment performance. To achieve these objectives numerous jar tests were conducted to assess the contribution of the type of detergent to graywater characteristics, select the proper coagulant and its dosage, and determine the optimum mixing intensity and mixing time for conducting the coagulation–flocculation process. The results indicate a differential contribution of the type of detergent to domestic laundry graywater composition. Soiled clothes increased the solids and organic loads of laundry graywater; furthermore, the laundry process reduced the LAS concentration. On the other hand, the coagulation–flocculation process was more effective in treating powder detergent graywater.




2. Materials and Methods


2.1. The Contribution of the Type of Detergent to the Composition of Domestic Laundry Graywater


The effect of the type of detergent on the graywater characteristics was evaluated using liquid and powder detergents. Detergent solutions were prepared by dissolving the recommended dosage of commercial liquid and powder detergents (Ariel®) into deionized water (26.63 g/31.7 L and 23.25 g/31.7 L for liquid and powder detergents, respectively). The solutions were stored at 4 °C until they were characterized. Laundry graywater was prepared by conducting the washing process with the commercial liquid and powder detergents (Ariel®). The washing conditions for each type of detergent ensured homogeneous graywater discharges and characteristics. The amount of water used in each washing cycle and the detergent dosage were determined based on the instructions included in the detergent package (26.63 g/31.7 L for liquid detergent and 23.25 g/31.7 L for powder detergent, respectively). The type and amount of clothes were set to be as identical as possible for all washing cycles. Graywater samples of the first laundry discharge were taken and stored at 4 °C until they were characterized. Detergent solutions and laundry graywater samples were characterized based on the following parameters, total solids (TS), total suspended solids (TSS), total dissolved solids (TDS), total organic carbon (TOC), chemical oxygen demand (soluble: SCOD and particulate: XCOD), and four linear alkylbenzene sulfonates (LAS’s): sodium decylbenzene sulfonate (C10), sodium undecylbenzene sulfonate (C11), sodium dodecylbenzene sulfonate (C12), and sodium trydecylbenzene sulfonate (C13). TS, TSS, TDS, and COD were determined using standard methods [16]. The total organic carbon (TOC) was measured by using a TOC analyzer (Shimadzu TOC-5000A). The LAS concentrations were determined by solid-phase extraction (SPE) and high-performance liquid chromatography (HPLC). An LC10 series liquid chromatographer (Shimadzu) with a fluorescence detector, a Rheodyne Model 7125 injection valve (Rheodyne, Cotati, CA, USA) and a degasser was used. The separation was performed using a Wakopak® WS AS-Aqua column (4.6 mm × 250 mm, 5 mm particle size; Wako Pure Chemicals). The mobile phase consisted on a mixture of acetonitrile and a sodium perchlorate aqueous solution at the ratio of 65/35 (v/v). The flow rate was set at 0.7 mL/min. The fluorescence excitation and emission wavelength were fixed at λex = 221 nm and λem = 284 nm, respectively, and the column temperature was set at 40 °C. Data acquisition and processing were performed using a LC solution system (Shimadzu). With the characterization results, the contribution of the type of detergent to the laundry graywater composition was assessed.




2.2. The Effect of the Type of Detergent on the Graywater Treatment Performance


The effect of the type of detergent on the graywater treatment performance by coagulation–flocculation was assessed based on the removal efficiencies of TSS, TDS, turbidity, electrical conductivity, and total COD. Turbidity and EC were determined by using a Hanna 2100AN turbidimeter and a Hanna HI 98130 potentiometer, respectively. Several jar tests were conducted to determine the optimum coagulation–flocculation conditions. The coagulant type and dosage, the mixing time and intensity for coagulation and flocculation, and the settling time were the variables evaluated. Table 1 summarizes the conditions under which the jar tests were performed. Optimum coagulation–flocculation conditions were determined based on the removal efficiencies obtained for the parameters previously mentioned. Additional analysis was conducted to assess the reuse potential of the treated graywater.





3. Results and Discussion


3.1. The Contribution of the Type of Detergent to the Domestic Laundry Graywater Composition


Figure 1 presents the bulk composition of the detergents solutions prepared based on the dosages recommended by the detergents producer. As seen, the powder detergent (PD) contained more solids than liquid detergent (LD), and the main fraction corresponded to dissolved solids (DS’s) in both detergents. The DS fraction in the liquid detergent was 81%, whereas, in the powder detergent, it was 94%. Regarding the COD load, the liquid detergent COD was 2.3 times greater than the powder detergent load. In both detergents, the soluble fraction (SCOD) was the main constituent, representing approximately 90%. On the other hand, the content of LAS’s was greater in the powder detergent solution, but the distribution of the four types of LAS’s was quite similar in both detergents. TOC load was similar in both detergent solutions.



Table 2 summarizes the bulk graywater composition of both detergents based on analysis of 16 samples. The graywater composition was observed to exhibit great variability, as denoted by the significant standard deviation of the parameters values, especially in the case of powder detergent graywater. The great variability of the graywater composition has been reported by several researchers [17,18,19,20,21,22,23,24]. During the laundry process, not only the detergents but also the soil from the clothes contributed to the domestic graywater composition, as seen in Figure 2. Nevertheless, the contribution of the soil was lower than that of the detergents. A differential contribution was observed with regard to detergent type; liquid detergent contributed 83% of TS, 82% of TOC, and 99% of COD, whereas the powder detergent contributed 92% of TS, 86% of TOC, and 63% of COD. Regarding the surfactants contain, the laundry process caused a reduction in LAS’s in the graywater. The LAS reduction, relative to the composition of the detergents solutions, was approximately 77% for the liquid detergent and 47% for the powder detergent. This reduction seems to be associated with the LAS adsorption onto the fibers of the clothes, which are partially desorbed during the rinse cycle. Furthermore, the laundry process not only reduced the LAS’s contained in the detergents but also modified their distribution due to the differential adsorption onto the clothes fibers. The sodium undecylbenzene sulfonate (C11) was less adsorbed onto the fibers; consequently, its proportion in graywater increased for both detergents. It is important to note that the quality of the water source used during the laundry process can also contribute to the composition of graywater, especially in the case of hard water.



Since detergents are the main contributor to graywater composition and their contribution is differential depending on the type, it is very important to take into account the way detergents are used and dosed. Detergent overdosing during the laundry process will adversely impact the aquatic environment when graywater is discharged into water bodies without treatment. Undoubtedly, laundry graywater is regarded as heavily contaminated; therefore, it should be treated before it is disposed into receiving waters. Further studies are needed to evaluate the effect of direct raw graywater discharges into the receiving water bodies, especially related to the dilution and self-purifying effects with emphasis on the presence of xenobiotic organic compounds (XOCs), which are hazardous micropollutants in graywater. Since conventional wastewater treatments are not efficient to remove XOCs, future studies should consider chemical treatments, especially advanced oxidation processes (AOPs) that have been found to be effective in mineralizing recalcitrant organic compounds in wastewater [25].




3.2. The Effect of the Type of Detergent on the Graywater Treatment Performance


3.2.1. Coagulant Selection and Dosage Determination


Several jar tests with aluminum sulfate (Al2(SO4)2) and ferric chloride (FeCl3) were conducted to select the appropriate coagulant for graywater. For aluminum sulfate, well-formed flocs at pH in the range of 6–10 were observed. This result was advantageous because pH adjustment of graywater was not required. On the contrary, the use of ferric chloride required pH adjustment and caused dispersion of the graywater constituents inhibiting settling and increasing turbidity. Thus, aluminum sulfate was selected as coagulant. Similar results were reported in [26].



Once the coagulant was selected, the next step was to set the appropriate coagulant dosage. This was determined by conducting jar tests and evaluating the removal of parameters such as TS, TSS, turbidity, COD, and EC. The results are shown in Figure 3. As seen, the pH of both graywaters decreased as coagulant dosage increased. A pH adjustment of the graywater was not required. The best coagulation performance was obtained for the powder detergent graywater. For TS, the best removal was obtained at a dosage of 205.0 mg/L aluminum sulfate for both graywaters. The removal efficiencies achieved were 42% for the powder detergent and 26% for the liquid detergent graywater. For TSS, the greatest removal was observed at a dosage of 274.0 mg/L aluminum sulfate, but it was not so different for that obtained with 205.0 mg/L aluminum sulfate. The removal efficiencies were 51% for powder detergent and only 8% for liquid detergent graywater. Turbidity exhibited maximum removal efficiencies at a coagulant dosage of 205.0 mg/L aluminum sulfate with values of 65% for powder detergent graywater and 54% for liquid detergent. The COD removal was approximately 60% for powder detergent graywater and 50% for liquid detergent for dosages between 68.0 mg/L and 205.0 mg/L aluminum sulfate; however, at the dosage of 342.0 mg/L, the removal efficiency was approximately 80% for powder detergent graywater. This result is an outlier, so it might not be representative. For electrical conductivity, the removal efficiencies were approximately 33% for powder detergent and 5% for liquid detergent graywater, irrespective of the coagulant dosage. Based on these results, the optimum coagulant dosage was set at 205.0 mg/L aluminum sulfate for both graywaters. It was clear that the type of detergent influenced the coagulation performance. This dosage is greater than those values reported in [5], which were in the order of 24 mg/L aluminum sulfate; however, it is important to remark that the organic loads of graywater used in this study (COD: 1500 ± 406 mg/L for powder detergent and 1086 ± 511 mg/L for liquid detergent graywater) were much higher than that reported by them (791 mg/L). Furthermore, in this study, the pH of the graywater was not adjusted in comparison with the pH of 4.5 they used in their experiments, and the removal efficiencies were on the same order: 60%. An adjustment of process pH may signify a problem in practical applications.




3.2.2. Determination of Optimum Mixing Conditions for Flocculation


Optimum mixing intensity and mixing time for flocculation were determined by conducting numerous jar tests. The results are plotted in Figure 4 and Figure 5 for powder detergent and liquid detergent graywater, respectively. For powder detergent graywater, the best removal efficiencies were observed at a mixing intensity of 10 rpm and mixing time of 20 min, especially for turbidity and TSS, with removal efficiencies of 95% and 75%, respectively. The removals of TDS and EC were approximately 34% and 33%, respectively, irrespective of the mixing time and the mixing intensity.



For the liquid detergent graywater, in general, optimum removal efficiencies were observed at a mixing intensity of 15 rpm. Regarding turbidity, the highest removal efficiency (73%) was obtained at a mixing time of 15 min. For TSS, the highest removal was 51% obtained at a mixing intensity of 20 rpm and a mixing time of 20 min; however, at 15 rpm and a mixing time of 15 min, the removal efficiency was quite similar—approximately 47%. The removals for EC and TDS were notably low, i.e., no greater than 8% in all cases. Based on these results, a mixing intensity of 15 rpm and a mixing time of 15 min were selected as the optimum flocculation conditions for liquid detergent graywater.



Similarly to coagulation, the type of detergent influenced the flocculation process performance. It was not expected that the coagulation–flocculation process would remove significant amounts of TDS and EC; however, Figure 4 and Figure 5 contrast the removal differences not only in TSS, but also in TDS an EC depending on the type of graywater. Thus, the coagulation–flocculation process was more effective with powder detergent graywater. This result might have been expected because liquid detergent contains anticoagulants to improve detergent performance. However, this constituent affected the coagulation–flocculation process performance.



Table 3 summarizes the optimum coagulation–flocculation conditions and the treatment performance for both graywaters. If wastewater reuse standards from different countries reported in [3] are considered, the graywater characteristics after treatment obtained in this study do not meet such standards. However, the coagulation–flocculation process appears to be a potential pre-treatment alternative for treating graywater due to the reasonable removal efficiencies observed for both powder and liquid detergent graywater. It is important to remark that the scope of this work was to assess the contribution of the type of detergent to graywater characteristics and its effect on the treatment performance, rather than the efficacy of the coagulation–flocculation process as a treatment alternative to meet wastewater reuse standards.



Several treatment processes have been proposed to treat graywater and meet the quality requirements for reuse. The current preferred treatments for graywater reuse are physical and biological/natural systems. However, because of the XOC concern, chemical systems such as coagulation, adsorption, and advanced oxidation processes (AOPs) have recently been considered and have been successful for low- to moderate-strength graywater [25]. Since laundry graywater is a high-load graywater, a chemical system integrated by the coagulation–flocculation process and an advanced oxidation process could be a potential alternative to remove XOCs and meet the quality requirements for reuse. Coagulation–flocculation is ideal as a pre-treatment to reduce the graywater load, and the AOP is ideal for mineralizing recalcitrant organic compounds; therefore, studies in this respect should be conducted. The results obtained in this work could be useful when future studies on chemical treatment are conducted.






4. Conclusions


The type of detergent and the way these compounds are used during the laundry process must be taken into consideration when graywater is disposed into receiving water bodies or when it is reused as a sustainable solution to face the increase in water demand, water shortages, and environmental pollution. The type of detergent affects significantly not only the efficacy of the laundry process but also, and more importantly, the characteristics of the graywater that must be disposed or reused. Detergent overdosing can cause laundry graywater to heavily contaminate water bodies if it is not properly treated before disposal.



Detergent constituents, rather than soiled clothing, are the main contributors to graywater composition. Liquid and powder detergents are different in composition and contribute differentially to graywater characteristics. Powder detergents generate more polluted graywater. The laundry process increases the solids and organic loads of graywater, but reduces the concentration of surfactants.



Detergent type influences treatment performance of graywater. The coagulation–flocculation process was more effective with the powder detergent graywater even though the liquid detergent graywater was less polluted. Constituents such as anticoagulants present in liquid detergents affected the coagulation–flocculation process performance.



Turbidity removal efficiencies on the order of 95% and 73% for powder detergent and liquid detergent graywater, respectively, and total suspended solids removals of 75% and 51% for powder detergent and liquid detergent graywater, respectively, were achieved. Even though these efficiencies are significant, the coagulation–flocculation process must be complemented with an additional treatment process before laundry graywater is disposed into receiving waters or reused in non-potable water uses.



Regarding that laundry graywater is a high load graywater, a chemical system integrated by coagulation–flocculation and an advance oxidation process could be an interesting alternative to remove the XOCs and meet the quality requirements for reuse. The coagulation–flocculation process can be used as a pre-treatment to reduce the graywater load, and the AOP can be used to mineralize recalcitrant organic compounds. Studies in this respect must be conducted to evaluate their effectiveness and reliability. Because the coagulation–flocculation performance is affected by the type of detergent and its characteristics, the results obtained in this work could be useful at the time of conducting future studies on chemical treatment.
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Figure 1. Composition of liquid (LD) and powder detergent (PD) in recommended dosages. TS: total solids; TCOD: total chemical oxygen demand; TOC: total organic carbon; LAS: linear alkylbenzene sulfonates. 
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Figure 2. Composition of laundry graywater for LD and PD. 
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Figure 3. Effect of coagulant dosage (mg/L) on bulk parameters removals for both graywaters. PD: Powder detergent; LD: Liquid detergent. 
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Figure 4. Optimum conditions for flocculation of powder detergent graywater. 






Figure 4. Optimum conditions for flocculation of powder detergent graywater.



[image: Water 08 00214 g004]







[image: Water 08 00214 g005 1024] 





Figure 5. Optimum conditions for flocculation of liquid detergent graywater. 
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Table 1. Jar tests conditions.







Table 1. Jar tests conditions.







	
Coagulation

	
Mixing

	
Intensity (rpm)

	
150

	

	

	

	

	

	

	




	
Time (min)

	
1

	

	

	

	

	

	

	




	
Coagulant Dosage (mg/L)

	
(Al)2(SO4)3

	
68.0

	
137.0

	
205.0

	
274.0

	
342.0

	
410.0

	

	

	




	
FeCl3

	
16.2

	
32.4

	
64.8

	
97.2

	
129.6

	

	

	

	




	
Flocculation

	
Mixing

	
Intensity (rpm)

	
10

	

	

	
15

	

	

	
20

	




	
Time (min)

	
10

	
15

	
20

	
10

	
15

	
20

	
10

	
15

	
20




	
Settling

	
Time (min)

	
30
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Table 2. Bulk characterization of graywater for two types of detergent (n = 16).
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Parameter

	
Powder Detergent Graywater

	
Liquid Detergent Graywater




	
Single Sample 1

	
Composite Sample 2

	
Single Sample 1

	
Composite Sample 2






	
pH

	
10.1 ± 0.18

	
9.3 ± 0.3

	
8.1 ± 0.23

	
8.1 ± 0.3




	
TS, mg/L

	
2856 ± 257

	
1708 ± 222

	
691 ± 46

	
740 ± 85




	
TDS, mg/L

	
1410 ± 140

	
1003 ± 97

	
322 ± 18

	
429 ± 123




	
TSS, mg/L

	
1446 ± 254

	
705 ± 225

	
369 ± 34

	
311 ± 102




	
Turbidity, NTU

	
390 ± 190

	
184 ± 75

	
67 ± 10

	
53 ± 24




	
COD, mg/L

	
1500 ± 406

	
894 ± 124

	
1086 ± 511

	
604 ± 408




	
Electrical Conductivity, μS/cm2

	
2485 ± 480

	
1922 ± 167

	
632 ± 50

	
827 ± 246








Notes: 1 Sample collected from the first laundry process discharge; 2 Composite sample integrated by mixing the first and second laundry process discharges.
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Table 3. Optimum conditions for the graywater coagulation–flocculation process.
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Parameter

	
Optimum Condition




	
Powder Detergent Graywater

	
Liquid Detergent Graywater






	
Coagulant dosage [Al2(SO4)3] (mg/L)

	
205

	
205




	
Coagulation: Mixing intensity (rpm)

	
150

	
150




	
Mixing time (min)

	
1

	
1




	
Flocculation: Mixing intensity (rpm)

	
10

	
15




	
Mixing time (min)

	
20

	
15




	
Treatment Performance




	

	
Raw

	
Treated

	
Raw

	
Treated




	
pH

	
10.1 ± 0.2

	
8.3 ± 0.0

	
8.1 ± 0.2

	
6.8 ± 0.1




	
TS (mg/L)

	
2856 ± 257

	
1850 ± 30

	
691 ± 46

	
519 ± 10




	
TDS (mg/L)

	
1410 ± 140

	
989 ± 3

	
322 ± 18

	
306 ± 2




	
TSS (mg/L)

	
1446 ± 254

	
861 ± 32

	
369 ± 34

	
213 ± 9




	
Turbidity (NTU)

	
390 ± 190

	
197 ± 7

	
67 ± 10

	
28 ± 1




	
COD (mg/L)

	
1500 ± 406

	
800 ± 0

	
1086 ± 511

	
400 ± 0




	
EC (μS/cm2)

	
2485 ± 480

	
1837 ± 33

	
632 ± 50

	
621 ± 8
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