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Abstract 19 

Constructed wetlands (CWs) are being increasingly considered for the treatment of greywater 20 

(GW) from commercial laundry sources. However, limited information is available on how 21 

operational and design parameters influence CW performance. This study aimed to evaluate 22 

the performance of vertical subsurface flow constructed wetlands (VSSFCWs) for the 23 

treatment of commercial laundry GW with a focus on the effects of design and operational 24 

parameters. The operation of two lab-scale VSSFCWs was divided into three stages, during 25 

which ORLs progressively increased and HRTs decreased. One VSSFCW was filled with 26 

zeolite (Zeo), while the other used gravel (Gra). In Stage III, both systems achieved removal 27 

efficiencies of 73–86% for chemical oxygen demand (COD), 72–84% for ammonium-28 

nitrogen (NH₄⁺-N), and 68–89% for phosphate-phosphorus (PO₄³⁻-P), indicating a significant 29 

improvement (p < 0.05) as OLR increased from 12.3 to 49.9 g·COD/m²·d and HRT decreased 30 

from 10 to 3.5 days. In all stages, the Zeo system outperformed Gra by 19–33% in terms of 31 

organic matter and nutrient removal (p < 0.05). Additionally, the Freundlich isotherm model 32 

revealed a reduction in the sorption capacity of the used zeolite to 0.004 mg/g, which was 1 33 

to 5 times lower than the control zeolite. These findings emphasize the importance of 34 

optimizing operational parameters and selecting appropriate support media for the effective 35 

and sustainable reuse of commercial laundry GW. 36 

Keywords: greywater, constructed wetland, adsorption capacity, organic loading rate, 37 

hydraulic retention time. 38 

Highlights 39 

1. Organic loading rate of 50 g·COD/m2·d improved performance of constructed wetland 40 

2. Zeo system achieved removal efficiencies between 19 – 33% higher than Gra system 41 

3. Zeolite loses its adsorption capacity to 0.04 mg/g during the operational time 42 

4. The adsorption capacity of zeolite was not influenced by the CW’s zone 43 

  44 
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1. Introduction 45 

The reuse of greywater (GW) for multiple purposes, such as garden irrigation, recreational 46 

green areas, and domestic uses that include car washing, floor cleaning, and toilet flushing, 47 

has emerged as a viable solution to water scarcity [1]. Studies have shown that GW 48 

constitutes 50 – 80% of the total wastewater generated in a household [2,3,4,5] and it can 49 

generally be categorized as light (bathrooms, hand sinks, and showers) and dark GW 50 

(laundry, kitchen, and dishwashers), each differing in their contaminant profiles [6]. While 51 

many studies have focused on characterizing and treating domestic GW, little attention has 52 

been paid to GW generated by commercial laundry, which is typically more concentrated in 53 

organic, nutrients, and ionic compounds [7].  54 

Before reuse, commercial laundry GW must undergo adequate treatment to mitigate its 55 

potential environmental and health impacts [8]. Laundry GW contains a diversity of chemical 56 

compounds from detergents, oils, solvents, bleaches, and non-biodegradable fibers from 57 

clothing, that is traduced in high chemical oxygen demand (COD), turbidity, total nitrogen 58 

(TN) and total phosphorus (TP) concentrations with values ranged between 58 – 4155 mg/L, 59 

34 – 510 NTU, 3 – 31 mg/L, 0.2 – 51.6 mg/L, respectively [3,6,9]. Constructed wetlands 60 

(CWs), as nature-based solutions (NBS), have been proven to be sustainable and innovative 61 

technologies for treating various effluents, including GW [6,10]. Numerous studies have 62 

shown that CWs achieve removal efficiencies of 70 – 97% for COD, 47 – 97% for turbidity, 63 

44 – 59% for TN, and 24 – 74% for TP in different type of GW [3,6,7,11,12]. In the case of 64 

laundry GW, Punyapwar and Mutnuri [6] studied the performance of vertical subsurface flow 65 

constructed wetlands (VSSFCW) preceded by an anaerobic filter tank treating this type of 66 

GW. This study achieved removal efficiencies of 95%, 83%, and 95% for COD, ammonium-67 

nitrogen (NH4
+-N), and phosphate-phosphorus (PO4

3--P). Although high performances were 68 

achieved in this study, further research is needed to evaluate the removal of other 69 

contaminants (turbidity, ions, etc.). 70 

To ensure the safe reuse of GW for domestic and agricultural purposes, optimizing CW 71 

performance by identifying appropriate design and operational parameters is essential [2]. 72 

Moreover, the effects of seasonal variation and environmental pressures on the removal 73 

efficiencies of CWs are another important factor to consider in the optimization of this 74 
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technology [13]. Hydraulic retention times (HRTs) and organic loading rates (OLRs) are 75 

critical factors that influence contaminant removal efficiencies in CWs. The influence of 76 

these parameters on removal efficiencies has been extensively studied in CWs treating 77 

wastewater [14,15,16], but research focusing on CWs treating GW, especially from 78 

commercial laundry, remains underexplored. For instance, Ramprasad and Philip [17] 79 

explored the effects of HRT and OLR on the performance of horizontal (HSSFCW) and 80 

VSSFCW for GW treatment. Their findings revealed an increase in organic matter and 81 

nutrient removal rates from 80% to 90% with a higher HRT and lower OLR. Similarly, 82 

Ramprasad et al. [11] observed a decline in organic matter removal efficiency from 96% to 83 

80% as the OLR increased and HRT decreased, though nitrogen removal remained unaffected 84 

by these operational changes. However, both studies used synthetic or mixed GW, leaving 85 

the specific behavior of commercial laundry GW in CWs unaddressed. 86 

Another key parameter for enhancing CW performance is the choice of support media. 87 

Beyond providing structural support for macrophyte root systems and facilitating biofilm 88 

formation for biodegradation, the support media contribute to pollutant removal through 89 

adsorption processes [18]. This mechanism has been extensively studied for phosphorus 90 

removal in CWs [19-21]. Commonly studied support media include zeolite, activated carbon, 91 

and anthracite [22]. However, the role of support media in CWs treating commercial laundry 92 

GW has been insufficiently explored. Moreover, commercial laundry GW showed a higher 93 

concentration of PO4
3--P (> 20 mg/L), and thus, it is necessary to study different support 94 

media that remove this contaminant through the adsorption process in CWs. Dalahmeh et al. 95 

[23], for instance, investigated the adsorption capacities of bark, charcoal, and sand in 96 

biofilters treating mixed GW. Their results showed that charcoal outperformed bark and sand 97 

in removing COD, nitrogen, and phosphorus, likely due to its high porosity, carbon content, 98 

and density, making it a promising support media. Zeolites are crystalline microporous 99 

aluminosilicates widely used as adsorbents and ion exchangers in CWs. Due to its high 100 

porosity, zeolites have a large surface area where adsorption process occurs [24]. Zeolite has 101 

charged negative and from the substitution of cations, has excellent adsorption capacity for 102 

removing cations from water (e.g. ammonium (NH4
+)), but lower affinities for anions (e.g. 103 

phosphate (PO4
3-)) [25]. However, the presence of NH4

+ displaces cations such as Al, Fe, Mg, 104 

and Ca, and favors the precipitation of PO4
3- with these anions following by the adsorption 105 
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onto the zeolite surface [24]. Moreover, the adsorption capacity of zeolite is important to be 106 

studied because the saturation of support media increases during the operational time of CWs. 107 

For this reason, isotherm models are commonly applied and different studies showed that 108 

zeolite from CWs showed PO4
-3 adsorption capacity ranged between 0.007 – 7.128 mg/g [26-109 

31]. 110 

Given the limited information about the treatment of commercial laundry GW in terms of the 111 

influence of operational and design parameters on enhancing CW performance and the 112 

necessity to optimize these systems to ensure a safe reuse, this study is focused on i) 113 

evaluating the impacts of different OLRs and HRTs on the performance of lab-sale 114 

VFSSFCWS treating commercial laundry GW; ii) determining the effects of two different 115 

support media (gravel and zeolite) on the removal efficiencies of contaminants of CWs and 116 

iii) evaluating the adsorption capacity of the zeolite used a support media in CWs in terms of 117 

PO4
3--P concentration, due to it higher concentration as contaminant in GW from commercial 118 

laundries. This is one of the first studies that focuses on enhancing CW’s performance for 119 

treating commercial laundry GW and lays the groundwork for implementing these systems 120 

on-site at full scale in commercial laundry. 121 

 122 
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2. Materials and Methods 123 

2.1.Design and operational characteristics of CWs 124 

Two VSSFCWs were implemented at lab scale, with dimensions of 0.71 m x 0.15 m x 0.15 125 

m (height, width, and length), providing a surface area of 0.47 m2. One of the VSSFCWs was 126 

filled with gravel (Gra) and the other with zeolite (Zeo). The macrophyte species 127 

Schoenoplectus californicus was planted in both systems. For each system (Gra and Zeo), a 128 

replicate was constructed with identical design and operational parameters. The diameters 129 

and porosity of the zeolite and gravel comprising the support media were 1.81 mm and 19-130 

25 mm, and 25% and 0.6%, respectively [32,33].  131 

The influent used to feed the VSSFCW systems was collected from a commercial laundry 132 

located in downtown Concepción, Biobio Region, Chile. Table 1 shows the operational and 133 

design conditions of the CWs. Both systems underwent a 60-day setup stage before being 134 

operated in three distinct stages with varying OLRs, hydraulic loading rates (HLRs), and 135 

HRTs. During Stage I, the OLR, HLR, and HRT were 12.3 gCOD/m2·d, 1.06 m2/d and 10 d, 136 

respectively. In Stage II, these parameters were adjusted to 24.6 gCOD/m2·d, 2.12 m2/d, and 137 

5 d, respectively. Finally, Stage III operated with an OLR of 49.9 gCOD/m2·d, an HLR of 138 

3.03 m2/d, and an HRT of 3.5 d. The design and operational characteristics of VSSFCWs 139 

were based on the CW systems described in González et al. [33,34]. 140 

Table 1 141 

2.2.Monitoring strategies 142 

The CW systems were fed with GW from a commercial laundry using peristaltic pumps, and 143 

the effluents were collected through an outlet valve located 0.0015 m above the bottom zone, 144 

as shown in Figure 1. During the operating time (232 d), in situ parameters such as pH, 145 

temperature (T), reduction-oxidation potential (redox), total dissolved solids (TDS), 146 

turbidity, and electrical conductivity (EC) were measured daily. Physicochemical parameters 147 

in both influent and effluents were determined weekly, while biological oxygen demand 148 

(BOD5), total nitrogen (TN), and total phosphorus were measured biweekly.  149 

Figure 1 150 

2.3.Analytic methods 151 
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In situ parameters including pH, T, redox, TDS, turbidity, EC and dissolved oxygen (DO), 152 

and physicochemical parameters such as COD (colorimetric method, 5220-D), BOD5 153 

(Modified Azid-Winkler method, 5210-B), ammonium-nitrogen (NH4
+-N, colorimetric 154 

method at 640 nm, 4500-NH3), nitrate-nitrogen (NO3
--N, colorimetric method at 220 nm, 155 

4500-NO3), nitrite-nitrogen (NO2
--N, colorimetric method at 543 nm, 4500-NO2), TN 156 

(Spectroquant-Nova 60, kits Merck, Darmstadt, Germany), phosphorus-phosphate (PO4
3–-P, 157 

colorimetric method at 890 nm, 4500-P-E) and TP (Spectroquant-Nova 60, kits Merck, 158 

Darmstadt, Germany) were measured using the protocols and equipment described by the 159 

Standard Methods [35]. For anions (chloride (Cl−), nitrate (NO3
−), nitrite (NO2

−), phosphate 160 

(PO4
3–), sulfate (SO4

2−) and bromide (Br-), and cations (ammonium (NH4
+), lithium (Li+), 161 

sodium (Na+), potassium (K+)) determinations were carried out using ionic chromatography 162 

(930 compact IC flex Methrhm, Herisau, Switzerland), for which the water samples were 163 

previously filtered through a 0.02-μm membrane filter. Removal efficiencies were 164 

determined with these concentrations in the influent and effluents from Gra and Zeo. 165 

2.4.Adsorption/desorption analysis 166 

As PO4
-3-P is one of the principal pollutants in laundry GW due to the presence of detergent, 167 

the adsorption analysis of this compound was conducted. At the end of the operating time 168 

(232 d), 100 g of zeolite was extracted from different zones (top, medium, and bottom) of 169 

the Zeo to evaluate this material's adsorption/desorption capacity. The zeolite samples were 170 

agitated in 100 mL of distilled water at 100 rpm and 20°C for 20 h. Water samples were 171 

collected every hour, and the PO4
3--P concentration was measured until reaching equilibrium. 172 

Moreover, 50 g of zeolite that was not used in GW treatment was employed as a control. This 173 

analysis was based on the methods described by Alver et al. [36] and Araya et al. [37]. The 174 

concentration adsorbed/desorbed by the zeolite was calculated using Eq.1.  175 

𝑞𝑒 =
(𝐶𝑜 − 𝐶𝑒)𝑉

𝑚⁄ )                                                                                                              (Eq.1) 176 

Where, qe is adsorption capacity in mg/g, Co and Ce are the initial and final concentrations 177 

for a certain period (mg/L), V is the volume of solution in mL, and m is the zeolite mass in 178 

g used in the analysis. 179 

The equilibrium of adsorption/desorption was evaluated using the Freundlich isotherm 180 

models (Eq.2). 181 
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𝑞𝑒 = 𝐾𝑓𝐶𝑒1 𝑛⁄                                                                                                                      (Eq.2) 182 

Where Kf is the Freundlich constant related to the adsorption capacity of the adsorbent. 183 

Generally, the adsorption capacity of an adsorbent for a given adsorbate increases as Kf 184 

increases; 1/n is the Freundlich exponent related to surface heterogeneity. 185 

2.5.Statistical analysis 186 

The effects of OLRs, HRTs, and support media on VSSFCW performance were studied using 187 

RStudio version 4.4.2 and a significance level of p = 0.05. First, the data were tested for 188 

normality using the Shapiro-Wilk test and for homogeneity of variance using the Fligner-189 

Killeen test. To determine the effects of different stages and support media, PERMANOVA 190 

analysis was performed. Finally, principal component analysis (PCA) was conducted using 191 

the principal functions from the “ggfortify” R package (https://cran.r-192 

project.org/web/packages/ggfortify/index.html).  193 

3. Results and Discussion 194 

3.1. Influent Characterization 195 

Table 2 shows the physicochemical characterization of the influent. In this GW from 196 

commercial laundry, the pH, COD, BOD5, turbidity, TN, NH4
+-N, TP and PO4

-3-P 197 

concentrations fluctuated between 6.0 – 8.6, 176 – 907 mg/L, 93 – 210 mg/L, 14 – 215 NTU, 198 

4.3 – 18 mg/L, 1.1 – 15 mg/L, 1.2 – 13 mg/L and 0.8 – 9.5 mg/L, with average values of 6.8, 199 

473 mg/L, 150 mg/L, 110 mg/L, 13 mg/L, 8.3 mg/L, 4 mg/L and 2.5 mg/L, respectively. 200 

Regarding the characterization of commercial laundry GW in literature, the concentrations 201 

of different parameters were within the ranges reported by Li et al. [3], Punyapawar and 202 

Mutnuri [6], Shaik et al. [9], and Braga et al. [38] with pH, COD, BOD5, turbidity, TN, NH4
+-203 

N, TP and PO4
-3-P values ranged between 5.0 – 10, 58 – 4155 mg/L, 44 – 3330 mg/L, 34 – 204 

510 NTU, 2.8 – 31 mg/L, 4.3 – 17 mg/L, 0.2 – 52 mg/L, and 0.5 – 24 mg/L. In the present 205 

study, the influent corresponds to GW from a commercial laundry shop and consequently, it 206 

had moderate concentrations of organic matter, turbidity, nitrogen and phosphorus. Although 207 

GW from laundry typically contains high concentrations of phosphorus due to its presence 208 

in many detergents (e.g., surfactants) [17]. The detergent used in this laundry shop was 209 

phosphate-free and biodegradable and can explain this trend. Moreover, the COD/BOD5 ratio 210 

values varied between 1.9 – 4.3, with an average of 3.3, indicating that the influent is difficult 211 

https://cran.r-project.org/web/packages/ggfortify/index.html
https://cran.r-project.org/web/packages/ggfortify/index.html
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to biodegrade. This could be attributed to the high content of recalcitrant compounds such as 212 

surfactants and personal care products, representing a challenge for biological treatment as 213 

CWs [11,39]. 214 

Table 2 215 

Table 3 shows the ion characterization of the influent used in the CWs. Lower concentrations 216 

of NO3
-, NO2

-, PO4
3-, and SO4

2- ranged between 0.1 – 22 mg/L, were observed compared to 217 

those found by Ammari et al. [8], who reported concentrations that were approximately 10 218 

to 470 times higher. This difference may be explained by the fact that their study used mixed 219 

GW, which includes water from baths, showers, bathroom sinks, laundry, and kitchen [2]. 220 

However, Na+ and Cl- concentrations were the highest in the present study, with values of 65 221 

and 169 mg/L, respectively (Table 3). These levels could be related to the bleaching agents 222 

and disinfectants contained in detergents [40]. Regarding international guidelines, such as 223 

USEPA [41], this influent cannot be directly reused for urban or agricultural purposes due to 224 

the high turbidity and BOD concentrations (< 2 NTU and < 30 mg/L, respectively). For this 225 

reason, the application of treatment technologies such as CWs with optimized operational 226 

and design parameters is needed for removing pollutants.  227 

Table 3 228 

3.2.Effects of operational and design parameters on CW performance 229 

Figure 2 shows the concentrations and removal efficiencies for organic matter, expressed as 230 

COD and BOD5, and nutrients, expressed as TN and TP, in Zeo and Gra, respectively, during 231 

the different operational stages. Regarding the effects of operational parameters, in both 232 

VSSFCWs, the organic matter and nutrient removal efficiencies increased by 1.1 and 1.4 233 

times, respectively, from Stage I to Stage III (p < 0.05). The increase in OLR from 12.3 to 234 

49.9 gCOD/m2·d (from 15.6 to 43 gCOD/m3·d), and at the same time the decrease in HRT 235 

from 10 to 3.5 d, generated an increase in organic matter and nutrient removal efficiencies to 236 

values between 79 – 88% and 40 – 60%, respectively. As mentioned above, the influent used 237 

in this study presented lower biodegradability with a COD/BOD5 ratio of 3.3. As a 238 

consequence of increasing OLR, the availability of organic matter for heterotrophic bacteria 239 

of CWs also increased, stimulating the biodegradation of organic matter. Moreover, the 240 

changes of OLRs in both VSSFCWs were applied gradually, allowing the biomass present 241 
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in both Gra and Zeo to adapt to fluctuations in organic matter. In the same line, optimal OLR 242 

values have been reported to be in the range of 10 – 60 gCOD/m2·d [27,42,43]. In this study, 243 

the OLR values of 12.3 to 49.9 gCOD/m2·d fall within that optimal range. In the case of TN, 244 

VSSFCWs promote nitrification, as their aerobic conditions facilitate the conversion of NH4
+ 245 

to NO3
- [44]. In both systems (Zeo and Gra), NH4

+ was transformed into NO3
-, with average 246 

effluent concentrations of 0.45 mg/L and 0.40 mg/L, respectively (see Table 3). Although 247 

nitrifying bacteria compete with heterotrophic bacteria for oxygen [44,45], TN removal was 248 

not affected by the increase in OLR.  249 

The main mechanism for TP removal in CWs is adsorption [46], which will be discussed 250 

later. In this study, TP removal was enhanced by the increase in OLRs, and consequently, by 251 

the higher phosphorus load. In line with this, Carrillo et al. [47] investigated phosphorus 252 

removal in a pilot-scale CW for wastewater treatment and, through PCA, reported a positive 253 

correlation between TP removal and phosphorus loading rates. Other mechanisms 254 

contributing to phosphorus removal in CWs include biodegradation and plant uptake. 255 

However, these processes could not be analyzed in the present study. Several studies have 256 

described biological phosphorus removal by polyphosphate-accumulating organisms (PAOs) 257 

and phosphorus-solubilizing bacteria (PSBs) [48-51]. PAOs can assimilate phosphate and 258 

store it intracellularly, while PSBs convert inorganic phosphorus forms that are not readily 259 

available to plants into soluble and absorbable forms [50,51]. In this study, an increase in 260 

organic loads may stimulate the growth and activity of these bacteria, promoting phosphorus 261 

bioassimilation by both bacteria and plants, and thus enhancing TP. Nevertheless, future 262 

studies are needed to explore the microbial communities involved and their metabolic 263 

activity. 264 

These findings contrast with those reported by Ramprasad and Philip [17] and Ramprasad et 265 

al. [11], who reported that organic matter and nutrient removal efficiencies decreased as the 266 

OLR increased from 15.8 to 35 gCOD/m3·d. This discrepancy may be attributed to their use 267 

of sucrose as an external carbon source to enhance CW performance. Sucrose is readily 268 

degraded by microorganisms in water treatment technologies, potentially saturating their 269 

removal capacities. 270 

Figure 2 271 
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As for the effects of support media on organic matter and nutrient removal efficiencies in 272 

each operational stage, Zeo performed better than Gra (p < 0.05), achieving 19 – 33% higher 273 

average BOD5, COD, TN, and TP removal values. Vera et al. [28] observed a similar trend 274 

when comparing the performance of HSSFCWs filled with zeolite and gravel for treating 275 

wastewater. Moreover, various studies have demonstrated that CWs with zeolite as the 276 

support media achieve higher pollutant removal efficiencies, particularly for PO4
-3 and NH4

+ 277 

[26,27,29,52]. Zeolite is a kind of silicate that has a large specific surface area, a strong 278 

adsorption and ion exchange capacity, and a composition of Ca, Al, and Fe oxides [29]. In 279 

CWs, zeolite plays a crucial role because it promotes filtration and adsorption processes, and 280 

the growth of the biofilm responsible for the biodegradation process [27]. The adsorption 281 

process can be physical (physisorption) or chemical (chemisorption) depending on the 282 

strength of the interaction between the adsorbate and adsorbent surface. Chemisorption is 283 

highly specific, occurs in a monolayer, and is irreversible, while physisorption is nonspecific, 284 

multilayered, and reversible. The latter is the mechanism commonly occurring in zeolite used 285 

in CWs [24]. In this study, the difference between Zeo and Gra can be related to the particle 286 

size and porosity of each support media. Zeolite has a diameter and porosity 10 – 14 times 287 

and 4 times higher than gravel, respectively. Thus, the Zeo system has a high surface area 288 

where the physisorption process can be carried out, showing higher performance of removing 289 

COD, BOD5, TN, and TP.  Regarding the average removal efficiencies of Zeo during Stage 290 

III, these values were within the ranges reported as optimal for CWs in the literature with 291 

COD, BOD5, TN and TP removals of 85%, 86%, 29%, and 72%, respectively [1,3,6]. These 292 

results highlight the relevance of optimizing design and operational parameters for improving 293 

pollutant removal in CWs.  294 

Figure 3 shows the EC concentrations and reductions in VSSFCW systems during the 295 

different stages. In contrast to the removal of organic matter and nutrients, EC reductions 296 

decreased from stage I to stage II by 7% and 17% in Gra and Zeo, respectively. However, 297 

reductions increased during stage III, reaching 0.19 and 0.45 in Gra and Zeo, respectively (p 298 

< 0.05). One possible explanation for this behavior is that the increase of OLRs, and 299 

consequently EC levels, from stage I and stage II may have negatively affected the 300 

macrophytes and biomass in both systems. Sepúlveda et al. [10] studied the effect of different 301 

EC levels on the performance of HSSFCWs planted with Cyperus papyrus and reported that 302 



12 
 

elevated EC levels adversely affect both biomass and macrophyte growth in CWs. 303 

Nevertheless, the further increase in EC levels from stage II to stage III did not impact system 304 

performance. On the contrary, the reduction increased to 0.19 and 0.45, showing that 305 

VSSFCWs were adapted to EC fluctuations. Significant differences between the analyzed 306 

support media (zeolite and gravel) during all stages were also reported, with average 307 

removals of 21% and 10% in Zeo and Gra, respectively (p < 0.05). In other studies, Ammari 308 

et al. [8], Morandi et al. [4], Nema et al. [53], and Stefanatou et al. [54] observed negative 309 

EC removal efficiencies, indicating that the concentration increases throughout the treatment. 310 

This parameter is related to dissolved ions in water and is correlated with the 311 

evapotranspiration process in CWs during warm seasons (spring and summer) [10,54]. As 312 

for positive removal values in CWs, Arunbabu et al. [55] reported a performance close to 313 

14%, similar to the results for Gra. 314 

Figure 3 315 

Regarding anion and cation removal efficiencies, it is important to mention that the values of 316 

the overall treatment were considered in both VSSFCWs (Table 3). In this case, some ion 317 

concentrations were below detection limits during different treatment stages. For NO2
-, NO3

-318 

, NH4
+, Na+, and K+, the removal efficiencies were 11 – 33% higher in Zeo than in Gra (p < 319 

0.05). These results align with the trends observed for organic matter, nutrient, and EC 320 

removal values, further highlighting the positive impact of zeolite on CW performance. The 321 

highest removal values were achieved for NH4
+ and PO4

3-, with 63% and 71% in VSSFCW-322 

Zeo, respectively. These results are within the range reported in the literature of 50 – 100% 323 

[8,29,53]. The dissolved PO4
3- in CWs that microorganisms or plants do not assimilate tends 324 

to precipitate and be adsorbed by elements present in zeolite such as Fe, Ca, or Al [19,27]. 325 

In contrast, gravel as a support media has a lower adsorption capacity of nutrients, reporting 326 

values close to 0.02 mgP/g [22,28]. 327 

Figure 4a shows the principal component analysis (PCA) of VSSFCWs during the different 328 

stages. This analysis confirms the significant impact of operational stages on system 329 

performance, with principal components 1 and 2 (PC1 and PC2) explaining 63% and 25% of 330 

the total variance, respectively. Samples were spatially grouped according to operational 331 

stage (Stage I, II, and III). This tendency reflects the effects of increasing OLRs and 332 
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decreasing HRTs on VSSFCW performance. The most different samples were those from 333 

Stage II. Generally, this stage presented the greatest differences with Stage I regarding 334 

removal efficiency (p < 0.05). For BOD5 removals, the performance increased 30% from 335 

Stage I to Stage II in both VSSFCWs while from Stage II to Stage III, the increment was only 336 

close to 20%. In contrast, for EC removals, the performances decreased 20% from Stage I to 337 

Stage II and then increased 20% from Stage II to Stage III. The results demonstrated that the 338 

increase of OLRs from Stage I and Stage II had a crucial role in the overall performance of 339 

VSSFCWs systems. In the same line, PCA also showed strong associations between Stage II 340 

samples and CODs, CODt, and TDS concentrations. These concentrations were higher in 341 

Stage II than in Stages I and III, with average values of 667.9 mg/L, 583.5 mg/L, and 582.0 342 

mg/L in influent samples, respectively (see Figure 2). Figure 4b showed the same spatial 343 

separation when GW samples were grouped as type of support media (Zeo and Gra). This 344 

result confirms that Zeo system improved the removal efficiency of VSSFCWs, obtaining 345 

better performances than Gra system. Zeolite as a support media played a critical role given 346 

the adsorption surface area for removing phosphorus, nitrogen, ions, and organic matter. 347 

However, this capacity is limited by the operational time that generates the saturation of the 348 

pores and micropores of the support media [29]. This phenomenon will be discussed in the 349 

next section. 350 

Based on the results of this study, the VSSFCW system operated at OLR of 49.9 351 

g·COD/m2·d, with an HRT of 3.5 d and using zeolite as a support media is the system, 352 

achieved the highest removal efficiencies for COD, BOD5, TN and TP with values of 85%, 353 

85%, 29% and 72%, respectively. In comparison, Punyapwar and Mutnuri [6] implemented 354 

two VSSFCWs preceded by an anaerobic filter for treating GW from commercial laundry 355 

and reported organic matter and nutrients removal efficiencies of VSSFCWs ranging 356 

between 33 -36% and 16 – 25%, respectively. These results suggest that the selected 357 

VSSFCW configuration (Zeo system with OLR and HRT of 49.9 g·COD/m2·d and 3.5 d) 358 

could be a viable treatment option for commercial laundry GW. Notably, this study is among 359 

the first to optimize CW for this specific application. The results highlight the relevance of 360 

evaluating operational and design parameters in system performance. However, it is 361 

important to note that the study was conducted at a lab scale, where environmental and 362 

operational variables were controlled. Therefore, future research should focus on scaling up 363 
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the VSSFCW prototype and assessing its performance under real conditions for treating 364 

commercial laundry GW.  365 

Figure 4 366 

3.3.Sorption Analysis in Zeo 367 

Given the superior contaminant removal efficiencies achieved by Zeo, a sorption analysis 368 

was conducted to evaluate the PO4
3--P adsorption capacity of the zeolite. Moreover, the 369 

detergents used in commercial laundry are commonly composed of surfactants, builders, and 370 

enzymes that contain higher PO4
3--P concentrations [9]. For this reason, the adsorption 371 

capacity of this specific parameter was investigated in this study. This capacity was measured 372 

across different zones within Zeo (top: Zeo-Top; middle: Zeo-Middle; and bottom: Zeo-373 

Bottom).  374 

Figure 5 and Table 4 show the Freundlich isotherm models and sorption constants of the 375 

zeolite in Zeo, respectively. According to this model, a higher Kf value indicates greater 376 

adsorption capacity, while 1/n values above 1 suggest a heterogeneous material [29]. The 1/n 377 

values obtained for the zeolites confirm their heterogeneity, with all values exceeding 1.0. 378 

When compared to the results of Zeo-Control, which was not used for GW treatment, the 379 

zeolite’s adsorption capacity decreased during the treatment. Zeo-Control presented Kf 380 

values of 0.006 mg/g, while Zeo-CW exhibited lower values of 0.004 mg/g. Furthermore, the 381 

zeolite from different CW zones (Zeo-Top, Zeo-Middle, and Zeo-Bottom) did not present 382 

differences, with Kf values varying between 0.001 – 0.002 mg/g. In previous studies, the 383 

sorption capacities of zeolite from CWs resulted in Kf ranges between 0.007 – 7.128 mg/g 384 

[26-31]. The lower values observed here may be attributed to the fact that most of these 385 

studies employed modified zeolite through thermal and chemical treatments to enhance 386 

adsorption capacity [26,30]. Moreover, zeolite has charged negative and has lower affinity 387 

for anions (PO4
3-). However, the presence of NH4

+ displaces cations such Al, Fe, Mg, and 388 

Ca, and favors the precipitation of PO4
3- with these anions following by the adsorption onto 389 

the zeolite surface [24,25]. For future studies, it would be interesting to analyze the zeolite’s 390 

adsorption capacity with a mixed solution of NH4
+-N and PO4

-3-P. 391 

Additionally, the sorption analyses were performed at the end of the operational period (232 392 

d), when the Zeo-CW was already saturated. These results confirm what has been reported 393 
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in the literature: Zeolite loses its ability to retain and release PO4
-3-P during the operational 394 

time of CWs. This process may be accelerated with the increase of OLRs and, therefore, the 395 

PO4
-3-P loads, which raised from 2.6 to 7.6 g·PO4

3--P/m2·d. With the results obtained in 396 

adsorption analysis on zeolite, the physisorption mechanism dominated the PO4
3--P removal 397 

in this support media. Due to its small particle size (1.81 mm) and 25% of porosity, zeolite 398 

possesses a large surface area for interaction between PO4
-3-P and the active sites. Once all 399 

the active sites of the zeolite are saturated, PO4
-3-P is released into the medium, resulting in 400 

a desorption process. This demonstrates that the interactions between substrate and adsorbent 401 

are weak and reversible [24].  402 

Figure 5 403 

Despite the results of this study showed that VSSFCWs with an OLR and HRT of 49.9 404 

g·COD/m2·d and 3.5 d, respectively, and filled with zeolite as support media had the better 405 

performance and could be an alternative for treating commercial laundry GW, more studies 406 

are needed for assuring a safe reuse with no risks for human health and the environment. In 407 

this line, it would be interesting to focus on the use of modified zeolite in CWs treating GW 408 

for enhancing the adsorption of PO4
3--P and other anions and therefore, improving the 409 

performance of these treatment systems. Moreover, the occurrence of pathogenic 410 

microorganisms such as bacteria, protozoa, and viruses should be incorporated in the CW 411 

performance analysis for determining the use of a disinfection process on the GW treatment. 412 

Although several aspects still require further investigation, this study provides a valuable 413 

foundation for improving the treatment quality of commercial laundry GW. Despite being a 414 

relatively underexplored topic, laundry GW represents a promising resource for reuse in 415 

various applications, including urban practices (e.g., irrigation of green spaces or reuse within 416 

the laundry process) and agricultural activities. This study offers initial guidelines 417 

emphasizing the importance of evaluating key operational parameters such as OLR, HRT, 418 

and the type of support media, to enhance treatment performance and promote safe reuse. 419 

Table 4 420 

4. Conclusions 421 

This study is among the first to optimize CWs for the treatment of GW from commercial 422 

laundry by evaluating key operational parameters (OLR and HRT) alongside design factors 423 
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such as the type of support media. The results demonstrated that higher OLR (49.9 g 424 

COD/m²·d) combined with a shorter HRT (3.5 d) significantly improved the removal 425 

efficiencies of COD, BOD₅, TN, and TP in both VSSFCW systems (Zeo and Gra), achieving 426 

removal rates of 73–85%, 70–86%, 21–29%, and 34–72%, respectively (p < 0.05). The type 427 

of support media also played a critical role in system performance. The Zeo system 428 

outperformed the Gra system, with organic matter and nutrient removal efficiencies 19–33% 429 

higher. However, the phosphate sorption capacity of zeolite decreased over time, reaching a 430 

saturation of 0.04 mg/g, likely due to the increasing PO₄³⁻-P loads. This highlights the need 431 

for future research on media regeneration or replacement strategies. Overall, the VSSFCW 432 

system operated at 49.9 g COD/m²·d and 3.5 days HRT using zeolite as the support medium 433 

achieved the highest removal efficiencies for COD (85%), BOD₅ (85%), TN (29%), and TP 434 

(72%). Compared to existing studies, this system demonstrated superior performance and 435 

presents a promising prototype for the decentralized treatment of commercial laundry GW. 436 

Although conducted at laboratory scale under controlled conditions, these findings establish 437 

a strong foundation for future full-scale implementation. Scaling up this system will require 438 

further research into enhancing zeolite adsorption capacity and exploring the microbial 439 

communities involved to better understand the biological and physicochemical mechanisms 440 

behind contaminant removal. Importantly, this study contributes to advancing sustainable 441 

wastewater management by demonstrating that optimized CW systems can effectively 442 

improve water quality and support safe water reuse. Adjusting operational and design 443 

parameters to specific GW sources is essential for achieving reliable treatment outcomes, 444 

protecting public health, and reducing the environmental footprint of wastewater discharge. 445 
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Figure Caption 650 

Figure 1. Schematic diagram of VSSFCW treating greywater. 651 

Figure 2. Concentration (bar) and removal efficiency (scatter) of organic matter as a) COD; 652 

b) BOD5, c) TN and d) TP. Where ■ Influent, ■ Zeo effluent and ■ Gra effluent. 653 

Figure 3. Concentration (box pot) and reduction (bar, ∆C: difference between initial and 654 

final concentration of CE; Ci; initial concentration) of electrical conductivity. Where ■ 655 

influent, ■ Zeo effluent and ■ Gra effluent . 656 

Figure 4. Principal component analyses (PCA): a) samples in  represent Stage I,  Stage 657 

II, and  Stage III, and b) samples in  represent Zeo and  Gra systems. 658 

Figure 5. Freundlich Isotherm models for the desorption of phosphorus as phosphate (PO4
-659 

3-P) on zeolite from VSSFCW-Zeo (Zeo-CW: zeolite samples from all zones of VSSFCW-660 

Zeo; Zeo-Top: zeolite samples from the top zone of Zeo; Zeo-Middle: zeolite samples from 661 

the middle zone of Zeo; Zeo-Bottom: zeolite samples from the bottom zone of Zeo: Zeo-662 

control: zeolite samples used as a control that was not used in greywater treatment.663 
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Table Captions 

Table 1. Operational strategies of Zeo and Gra  

Table 2. Physicochemical characterization of the influent 

Table 3. Ion characterization of the influent and effluents of different constructed wetlands 

Table 4. Freundlich desorption constants of zeolite from Zeo. 
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Parameter Unit Acclimation 

Stage  

I 

Stage  

II 

Stage  

III 

Operating time d 60 69 50 35 

Water flow L/d 0.5 0.5 1.0 1.4 

HRT d 10 10 5 3.5 

OLR gCOD/m2·d 12.3 12.3 24.6 49.9 

HLR m/d 1.1 1.1 2.1 3.0 

Note: HRT: Hydraulic retention time; OLR: Organic loading rate; HLR: Hydraulic loading rate. 

 

 

 

Table 1
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Note: T: Temperature; Redox: Oxidation-reduction potential; DO: Dissolved oxygen; EC: Electrical 

conductivity; TDS: Total dissolved solids; BOD5: Biological oxygen demanded; COD: Chemical oxygen 

demand; TN: Total nitrogen; TP: Total phosphorus; NH4
+-N: Nitrogen of ammoniacal nitrogen; PO4

-3-P: 

Phosphorus of phosphate. 

 

 

Table 2

Parameter Unit Range Average ± SD 

pH - 6.04 – 8.57 6.79 ± 0.55 

T °C 9.30 – 19.80 15.13 ± 3.30 

Redox mV -128.60 – 151.60 27.60 ± 97.45 

DO mg/L 0.50 – 4.86 1.77 ± 1.10 

EC μS/cm 979.50 – 2826.00 1521.12 ± 485.91 

TDS mg/L 122.00 – 728.70 473.49 ± 144.70 

Turbidity NTU 13.97 – 215.00 110.07 ± 48.22 

BOD5 mg/L 93.75 – 210.00 150.41 ± 47.90 

COD mg/L 175.98 – 907.05 492.95 ± 155.70 

TN mg/L 4.30 – 18.00 13.50 ± 3.85 

NH4
+-N mg/L 1.07 – 14.73 8.28 ± 4.27 

TP mg/L 1.20 – 12.60 3.88 ± 4.03 

PO4
3--P mg/L 0.76 – 9.50 2.51 ± 1.98 
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Notes: NO2
-: nitrite; NO3

-: nitrate; SO4
2-: sulphate; PO4

3-: phosphate; Cl-: chloride; NH4
+: 

ammonium; Na+: sodium; K+: potassium; “ – “: negative value; * significant difference 

between VSSFCW-Zeo and VSSFCW-Gra (p < 0.05). 

 

Table 3

Ion concentration in influent and both VSSFCWs   

Ion  Unit Influent Zeo 
Removal 

efficiencies (%) 
Gra 

Removal 

efficiencies (%) 

Anions       

NO2
- mg/L 0.19±0.09 0.17±0.11 10* 0.15±0.08 21* 

NO3
- mg/L 0.33±0.23 0.45±0.25 - 0.40±0.22 - 

SO4
2- mg/L 22.04±6.59 19.18±17.04 13 19.47±17.65 12 

PO4
3- mg/L 0.70±0.52 0.26±0.18 63* 0.37±0.27 47* 

Cl- mg/L 168.80±66.94 141.22±129.94 16 143.59±141.78 15 

Cations       

NH4
+ mg/L 5.52±2.94 1.61±1.50 71* 3.37±3.08 39* 

Na+ mg/L 64.75±19.18 42.34±15.48 35* 54.20±13.04 16* 

K+ mg/L 6.11±4.58 3.91±1.41 36* 5.93±3.55 3* 
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Zeolite Samples Equation 1/n Kf 
Correlation 

coefficient (R2) 

Zeo-CW y = 1.7102x – 2.349 1.71 0.004 0.993 

Zeo-Top y = 1.2733x – 2.763 1.27 0.002 0.999 

Zeo-Middle y = 1.2009x – 2.849 1.20 0.001 0.999 

Zeo-Bottom y = 1.2622x – 2.792 1.26 0.002 0.999 

Zeo-Control y=1.5895x – 2.222 1.59 0.006 0.994 

Notes: Zeo-CW: zeolite samples from all zones of Zeo; Zeo-Top: zeolite samples from the 

top zone of Zeo; Zeo-Middle: zeolite samples from the middle zone of Zeo; Zeo-Bottom: 

zeolite samples from the bottom zone of Zeo: Zeo-control: zeolite samples used as a control 

that was not used in greywater treatment 

 

Table 4 


