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 The discharge of laundry wastewater containing surfactants and phosphates 
represents a growing environmental concern, particularly in areas where 
wastewater is released without adequate treatment. This study evaluates sulfuric 
acid–activated rice husk ash (RHA) as a low-cost adsorbent for removing 
surfactants and phosphates from real laundry wastewater. FTIR and XRD analyses 
indicated that the main silica-related functional groups and framework of RHA 
were largely retained after acid activation, while SEM observations suggested a 
rougher and more heterogeneous surface morphology. Batch adsorption 
experiments using real laundry wastewater showed that surfactant and 
phosphate removal were influenced by adsorbent dosage and contact time. The 
optimum dosage was 3 g for surfactant removal and 4 g for phosphate removal, 
while the optimum contact time for both contaminants was 30 min. Controlled 
isotherm experiments using separate single-solute surfactant and phosphate 
standard solutions indicated that the adsorption behavior of both contaminants 
was better described by the Freundlich model, suggesting adsorption on 
heterogeneous surface sites. Kinetic analysis using real laundry wastewater 
showed rapid uptake, with the Elovich model providing the best overall fit for both 
surfactant and phosphate adsorption. These findings suggest that sulfuric acid–
activated RHA is a promising, simple, and affordable biomass-derived adsorbent 
for laundry wastewater treatment, although further studies involving surface 
area analysis, regeneration, reusability, column operation, and cost performance 
are required to support practical application. 

 

1. Introduction 

The rapid growth of laundry services has led to an 
increase in wastewater generation, which is often 
discharged directly into drainage systems without 
adequate treatment [1, 2]. Laundry wastewater commonly 
contains surfactants and phosphates originating from 
detergent formulations, and these contaminants can 
negatively affect aquatic environments when released 
untreated [3, 4]. Surfactants, particularly anionic 
surfactants, can reduce surface tension, generate 
persistent foam, and interfere with oxygen transfer in 
aquatic systems [5, 6, 7]. Phosphates act as nutrients that 
promote eutrophication, leading to excessive algal 

growth and oxygen depletion in receiving water bodies [8, 
9]. Therefore, the removal of both surfactants and 
phosphates is important for improving the quality of 
laundry wastewater before discharge. 

Various treatment methods have been applied for 
laundry wastewater treatment, including coagulation–
flocculation [10, 11], advanced oxidation processes [12, 
13], membrane filtration [14], biological treatment [15], 
and adsorption [16]. Among these methods, adsorption is 
attractive because of its operational simplicity, relatively 
low energy requirement, and adaptability to different 
pollutant types [17]. Conventional adsorbents such as 
activated carbon and zeolite have been widely used; 
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however, their cost and regeneration requirements may 
limit their application in small-scale or decentralized 
treatment systems [16, 18]. For this reason, low-cost 
biomass-derived adsorbents have gained increasing 
attention as alternative materials for wastewater 
treatment [19, 20, 21, 22]. 

Rice husk ash (RHA) is an abundant agricultural by-
product in rice-producing countries and is rich in silica-
based components that can contribute to adsorption 
processes [23, 24, 25]. The silica-rich surface of RHA 
contains silanol (Si–OH) and siloxane (Si–O–Si) groups, 
which can provide interaction sites for polar 
contaminants through hydrogen bonding, electrostatic 
interactions, and weak surface complexation [26]. These 
surface groups are relevant for surfactant and phosphate 
adsorption because surfactant molecules can interact 
through their polar head groups and hydrophobic 
moieties, while phosphate ions can interact with 
hydroxyl-containing sites on the silica surface. 

Previous studies have reported the use of rice husk- 
and RHA-based materials for wastewater treatment. 
Dadebo et al. [11] applied rice husk ash as a coagulant 
followed by activated carbon adsorption for surfactant-
laden wastewater treatment, but the process required 
sequential treatment steps and more than one treatment 
material. Other work reported by Hosseinnia et al. [27] 
also showed that rice husk could act as a low-cost 
adsorbent for surfactant removal from wastewater, 
indicating the potential of rice husk-based materials for 
detergent-related pollutants. For phosphate removal, 
Lugo-Arias et al. [23] reported the use of rice husk-
derived adsorbents, including Mg-modified rice husk 
bioadsorbents, for nitrate and phosphate removal from 
aqueous solutions. However, their work was conducted 
mainly in synthetic aqueous systems rather than in real 
laundry wastewater, and the improved phosphate uptake 
was attributed to mineral modification. 

Chemically modified RHA and rice husk-derived 
silica have also been developed to enhance adsorption 
performance, particularly for anionic pollutants. Phan et 
al. [28] prepared amine-functionalized activated RHA for 
the simultaneous removal of organic pollutants, nitrate, 
and phosphate in wastewater, demonstrating that amine 
functionalization can improve multi-pollutant 
adsorption capacity. Similarly, Suzaimi et al. [29] 
developed branched polyethyleneimine-grafted porous 
rice husk silica for phosphate adsorption, where 
phosphate uptake was enhanced by protonated amine 
groups, electrostatic attraction, ion exchange, hydrogen 
bonding, and possible inner-sphere complexation. These 
studies confirm the potential of chemically modified RHA 
or rice husk-derived silica for anion adsorption; however, 
they generally involve more advanced functionalization 
routes or focus on synthetic/controlled aqueous systems. 

Sulfuric acid activation was selected in the present 
study as a simpler chemical treatment because acid 
leaching can remove soluble inorganic impurities and 
partially clean the ash surface, thereby exposing silica-
related functional groups such as silanol and siloxane 
groups. Acid treatment can also reduce ash-associated 

mineral residues that may block surface sites, increase 
the relative accessibility of the silica-rich matrix, and 
promote hydroxyl-related surface features relevant to 
adsorption. Compared with untreated RHA, acid-
activated RHA is expected to provide a cleaner, more 
accessible surface for pollutant interactions, while 
remaining less complex than amine-functionalized, 
metal-modified, or polymer-grafted adsorbents. 

Despite these developments, the use of simply 
prepared sulfuric acid–activated RHA as a single-step, 
waste-derived adsorbent for removing surfactants and 
phosphates from real laundry wastewater remains 
insufficiently explored. Unlike amine-functionalized or 
metal-modified RHA-based adsorbents, the present 
study evaluates a simpler acid-activation approach using 
RHA directly as a low-cost adsorbent. This approach was 
chosen to balance surface improvement, material 
availability, and preparation simplicity for potential 
decentralized wastewater treatment applications. The 
adsorption performance was assessed through dosage 
and contact time experiments using real laundry 
wastewater, while controlled isotherm experiments using 
separate standard solutions were conducted to provide 
supporting insight into the individual adsorption 
behavior of surfactants and phosphate. This work is 
intended to distinguish the practical applicability of acid-
activated RHA from more complex or highly engineered 
adsorbent systems for decentralized laundry wastewater 
treatment. 

2. Experimental 

2.1. Materials 

Rice husk ash was used as the adsorbent precursor. 
Real laundry wastewater was collected as the adsorbate 
source. Sulfuric acid (H2SO4), sodium hydroxide (NaOH, 
1 N), standard linear alkyl sulfonate (LAS), 
phenolphthalein indicator (0.5% w/v), methylene blue, 
chloroform (CHCl3), sodium dihydrogen phosphate 
monohydrate (NaH2PO4.H2O), potassium dihydrogen 
phosphate (KH2PO4), isopropanol (i-C3H7OH), potassium 
antimony tartrate [K(SbO)C4H4O6·1/2H2O], ammonium 
molybdate [(NH4)6Mo7O24·4H2O], and ascorbic acid 
(C6H8O6, 0.1 M) were of analytical grade, purchased from 
Merck and Sigma-Aldrich (Malaysia), and used without 
further purification. Deionized water was used 
throughout the experiments. 

2.2. Adsorbent Feedstock Preparation and Wastewater 
Sampling 

RHA was obtained from the open combustion of rice 
husk residues collected from agricultural fields in Jangka 
Alue Village, Bireuen Regency, Indonesia. The RHA was 
transported to the laboratory and manually cleaned to 
remove impurities, including residual wood fragments, 
stones, and other foreign materials. The cleaned ash was 
washed several times with deionized water to remove 
adhering dust and soluble impurities, then oven-dried at 
105°C until a constant weight was achieved. 

Real laundry wastewater was collected from a 
commercial laundry facility located in Lueng Bata 
District, Banda Aceh, Indonesia. Grab sampling was 
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conducted following standard wastewater sampling 
procedures [30]. The samples were collected in clean 
polyethylene containers, transported to the laboratory in 
an icebox, and stored at 4°C prior to analysis. The initial 
pH of the raw laundry wastewater was 8.1. No pH 
adjustment was performed before the adsorption 
experiments to preserve the original wastewater matrix 
and to evaluate the performance of acid-activated RHA 
under practical treatment conditions. 

2.3. Acid Activation of Rice Husk Ash 

Chemical activation of RHA was performed using 1 M 
H2SO4. The dried ash was ground in a ball mill for 
30 minutes and sieved to obtain particles of 100 mesh. 
Subsequently, 50 g of the sieved ash was immersed in 200 
mL of 1 M H2SO4 and soaked for 24 h at room temperature. 
The mixture was then filtered, and the residue was 
washed repeatedly with deionized water until the filtrate 
reached neutral pH. The activated ash was oven-dried at 
200°C for 2 h and stored in a desiccator for further use. 
The physicochemical characteristics of the adsorbent 
before and after activation were analyzed using Fourier 
transform infrared spectroscopy (FTIR, Shimadzu Japan), 
X-ray diffraction (XRD PANalytical X’pert PRO 
instrument, at 2θ = 15–40° and scanning electron 
microscopy (SEM, JEOL JSM-6390 LA). 

2.4. Determination of Surfactant and Phosphate 
Concentrations in Laundry Wastewater 

The concentrations of surfactant and phosphate in 
real laundry wastewater were determined using UV–Vis 
spectrophotometric methods in accordance with the 
standard of examination for water and wastewater [30]. 
The measured concentrations were used as baseline 
values to evaluate adsorption performance before and 
after treatment. 

 

Figure 1. Determination of the maximum absorption 
wavelength (λmax) of (A) surfactant and (B) phosphate, 

and the corresponding calibration curves for 
(C) surfactant and (D) phosphate obtained using UV–Vis 

spectrophotometry 

 

Surfactant concentration was quantified using the 
methylene blue active substances (MBAS) method, which 
is based on the formation of a blue-colored ion-pair 
complex between anionic surfactants and methylene blue 
that is extractable into an organic solvent [4]. Standard 
solutions were prepared from LAS with concentrations 
ranging from 0.4 to 2.0 mg/L. The maximum absorption 
wavelength (λmax) was determined by scanning a 
representative standard solution in the range of 600–680 
nm (Figure 1A). The absorbance of the extracted organic 
phase was measured at 652 nm, and a calibration curve 
was constructed using the standard solutions (Figure 1C). 
Laundry wastewater samples were analyzed in duplicate 
following the same procedure, and surfactant 
concentrations were calculated from the calibration 
curve. The initial surfactant concentration in the 
wastewater was 7.82 mg/L. 

Phosphate concentration was determined using the 
ascorbic acid–molybdenum blue spectrophotometric 
method [4]. In this method, orthophosphate reacts with 
ammonium molybdate and potassium antimony tartrate 
under acidic conditions to form phosphomolybdic acid, 
which is subsequently reduced by ascorbic acid to produce 
a blue molybdenum complex. Phosphate standard 
solutions in the range of 0.2–1.0 mg/L were used to 
construct the calibration curve. The λmax was determined 
by scanning a representative standard solution in the 
range of 810–880 nm (Figure 1B), and absorbance was 
measured within 10–30 min after reagent addition. The 
calibration curve is shown in Figure 1D. Laundry 
wastewater samples were analyzed in duplicate under 
identical conditions. The initial phosphate concentration 
in the wastewater was 0.73 mg/L. 

2.5. Batch Adsorption Experiments 

2.5.1. Effect of Adsorbent Dosage 

Batch adsorption experiments were conducted by 
adding 1, 2, 3, 4, 5, and 6 g of activated RHA into 120 mL 
of laundry wastewater in Erlenmeyer flasks. The mixtures 
were agitated at 200 rpm for 30 min at room temperature. 
All batch adsorption experiments using real laundry 
wastewater were conducted without pH adjustment. This 
approach was selected to simulate practical decentralized 
wastewater treatment conditions and to avoid additional 
chemical input during treatment. Although pH is an 
important parameter for silica-based adsorbents, pH 
optimization was beyond the scope of the present study 
and should be evaluated in future work. After filtration, 
the residual concentrations of surfactant and phosphate 
were analyzed. 

2.5.2. Effect of Contact Time 

Adsorption experiments were carried out using the 
optimum adsorbent dosage with contact times of 15, 30, 
45, and 60 min under identical agitation conditions. After 
adsorption, the spent adsorbent under optimal conditions 
was characterized by FTIR to evaluate changes in 
functional groups. 
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2.6. Adsorption Isotherm and Kinetics Analysis 

Adsorption isotherm experiments were conducted 
separately for surfactant and phosphate using single-
solute standard solutions with different initial 
concentrations. Surfactant standard solutions were 
prepared from LAS, whereas phosphate standard 
solutions were prepared from potassium dihydrogen 
phosphate. The surfactant and phosphate standard 
solutions were not mixed during the isotherm 
experiments. Therefore, the isotherm analysis was used 
to evaluate the intrinsic equilibrium adsorption behavior 
of each contaminant on acid-activated RHA, rather than 
the simultaneous adsorption behavior in real laundry 
wastewater. This controlled approach was used to 
minimize matrix interference from real laundry 
wastewater and to allow systematic variation of the initial 
concentration (C0) required for Langmuir and Freundlich 
model fitting. Thus, the isotherm experiments 
complement the batch adsorption studies by providing 
supporting information on the individual equilibrium 
adsorption tendency of surfactant and phosphate under 
controlled conditions. 

A fixed mass of acid-activated RHA was added to 120 
mL of each standard solution and agitated at 200 rpm for 
30 min at room temperature. After adsorption, the 
suspensions were filtered, and the residual surfactant and 
phosphate concentrations were determined using UV–Vis 
spectrophotometry. The equilibrium adsorption capacity, 
qe, was calculated using Equation 1. 

 𝑞𝑒 =  
(𝐶0−𝐶𝑒)𝑉

𝑚
 (1) 

where qe is the adsorption capacity at equilibrium 
(mg/g), C0 is the initial adsorbate concentration (mg/L), 
Ce is the equilibrium adsorbate concentration (mg/L), V is 
the solution volume (L), and m is the mass of adsorbent 
(g). 

The equilibrium data were fitted using the linear 
forms of the Langmuir and the Freundlich isotherm 
models. The linearized Langmuir and Freundlich 
equations are presented in Equations 2 and 3, 
respectively. 

 𝐶𝑒

𝑞𝑒
=  

1

𝐾𝐿𝑞𝑚𝑎𝑥
+

𝐶𝑒

𝑞𝑚𝑎𝑥
 (2) 

 𝐿𝑜𝑔 𝑞𝑒 = log 𝐾𝐹 + 
1

𝑛
log 𝐶𝑒 (3) 

where qe (mg/g) is the adsorption capacity at 
equilibrium, Ce (mg/L) is the equilibrium concentration of 
the adsorbate; qmax (mg/g) is the maximum adsorption 
capacity, KL (L/mg) is the Langmuir adsorption constant 
related to the affinity between adsorbate and adsorbent, 
KF ((mg/g)(L/mg)1/𝑛) is the Freundlich adsorption 
constant; and n is the adsorption intensity parameter. 

In contrast to the isotherm experiments, adsorption 
kinetic experiments were conducted using real laundry 
wastewater to evaluate the time-dependent removal 
behavior under realistic wastewater conditions. The 
kinetic experiments were performed using the optimum 
adsorbent dosage, a solution volume of 120 mL, an 
agitation speed of 200 rpm, and different contact times at 
room temperature. After each contact time, the 

suspension was filtered, and the residual surfactant and 
phosphate concentrations were measured using UV–Vis 
spectrophotometry. The adsorption capacity at time t, qt, 
was calculated using Equation 4. 

 𝑞𝑡 =  
(𝐶0−𝐶𝑡)𝑉

𝑚
 (4) 

where qt is the adsorption capacity at time t (mg/g), 
and Ct is the adsorbate concentration at time t (mg/L). 

To describe the kinetic adsorption behavior, the 
experimental data were fitted using commonly applied 
non-linear kinetic models, including the pseudo-first-
order, pseudo-second-order, and Elovich models. The 
non-linear forms of the kinetic equations were applied to 
avoid potential bias associated with linearization. 

3. Results and Discussion 

3.1. Characterization of RHA-based Adsorbent 

Figure 2 presents the visual appearance, FTIR 
spectra, XRD patterns, and SEM images of the RHA 
adsorbent before and after sulfuric acid activation. 
A visible color change from grayish to slightly yellowish-
white was observed after acid activation (Figure 2A–B). 
This change suggests the partial removal of impurities 
and modification of the surface composition during acid 
treatment. Acid leaching can dissolve soluble inorganic 
components and residual contaminants, thereby 
producing a cleaner silica-rich surface [31]. This provides 
a rationale for using sulfuric acid activation, as the 
removal of soluble impurities and partially blocking 
mineral residues can improve the observable surface 
cleanliness, expose silica-related functional groups, and 
increase the apparent accessibility of the RHA surface. 

 

Figure 2. Visual appearance, FTIR spectra, XRD patterns, 
and SEM images of the prepared RHA adsorbent before 
activation (A, C, E, G) and after sulfuric acid activation 

(B, D, F, H) 
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The FTIR spectra of RHA before and after activation 
are shown in Figure 2C–D. Both spectra exhibit 
characteristic absorption bands associated with silica-
based materials, particularly Si–O–Si and Si–O 
stretching vibrations, indicating that siloxane-related 
groups dominate the surface chemistry of the adsorbent 
[32]. The absence of major peak shifts after activation 
suggests that the main silica framework of RHA was 
largely preserved during sulfuric acid treatment. 

However, the broad absorption band around 
3451 cm−1, corresponding to –OH stretching vibrations of 
silanol groups and adsorbed water, became slightly 
broader after activation. This observation indicates an 
increased contribution of surface hydroxyl-related 
groups, which may be associated with surface 
protonation and hydroxylation during acid treatment 
[33]. The presence of these hydroxyl-related groups is 
important because they may provide potential surface 
sites for interactions with polar adsorbates, including 
surfactant molecules and phosphate ions. However, the 
specific interaction pathways cannot be distinguished 
solely from FTIR, XRD, and SEM analyses. The specific 
contribution of individual interaction mechanisms 
requires further confirmation using surface-sensitive 
analyses such as zeta potential, pHpzc, or XPS. 

The phase characteristics of the RHA adsorbent were 
examined by XRD analysis (Figure 2E–F). The XRD 
patterns before and after sulfuric acid activation showed 
broadly similar diffraction profiles, indicating that acid 
treatment did not cause major structural changes in the 
silica-based ash matrix. Several diffraction features were 
observed around 20.53°, 21.76°, and 23.21° before 
activation and around 20.57°, 21.80°, and 23.25° after 
activation. These peaks may be associated with silica-
related ordered domains, including tridymite- or 
cristobalite-like phases, although RHA is generally 
known to be dominated by amorphous silica depending 
on the combustion conditions [31, 34]. Therefore, the 
peaks observed in this study should be interpreted with 
caution as indications of minor ordered silica domains 
rather than as evidence that the RHA matrix is 
predominantly crystalline. 

SEM images further reveal morphological changes 
induced by sulfuric acid activation (Figure 2G–H). Before 
activation, the RHA surface appeared relatively compact, 
irregular, and partially covered by impurities or 
agglomerated particles (Figure 2G). After activation, the 
surface became rougher and more heterogeneous, with 
visible cavities and channels (Figure 2H). These 
morphological changes suggest that acid treatment 
removed some surface impurities and exposed previously 
blocked surface regions [35]. Although quantitative 
surface area analysis was not performed, SEM 
observations indicate that sulfuric acid activation 
improved the surface accessibility of RHA, potentially 
facilitating contact between the adsorbent and target 
pollutants during adsorption. 

Overall, the characterization results suggest that 
sulfuric acid activation modified the observable 

physicochemical characteristics of RHA without causing 
major disruption to its silica-based matrix. FTIR analysis 
indicates the presence of hydroxyl- and siloxane-related 
functional groups, XRD suggests that the main silica-
related phase profile was largely retained after acid 
activation, and SEM reveals a rougher and more open 
surface morphology. These combined observations 
support the potential use of acid-activated RHA as a low-
cost adsorbent for removing surfactants and phosphates 
from laundry wastewater. 

3.2. Effect of Adsorbent Dosage 

The effect of adsorbent dosage on surfactant and 
phosphate removal from real laundry wastewater is 
shown in Figure 3A–B. Adsorbent dosage is an important 
operational parameter because it determines the number 
of available surface sites and the adsorbate-to-adsorbent 
ratio during batch adsorption. The adsorption 
experiments were conducted without pH adjustment at 
the initial wastewater pH of 8.1 to represent practical 
treatment conditions. This pH condition may influence 
both pollutant speciation and the surface behavior of 
acid-activated RHA. At a slightly alkaline pH, phosphate 
is expected to occur mainly as deprotonated species, 
particularly HPO4

2−, with a smaller contribution from 
H2PO4

−. These anionic species may have limited affinity 
for the negatively charged silica-rich surface because 
silanol groups become increasingly deprotonated under 
alkaline conditions. This may partly explain the moderate 
phosphate removal observed in this study. 

In the case of surfactants, anionic surfactants such as 
LAS are expected to remain negatively charged at 
wastewater pH, and their adsorption may therefore 
depend not only on direct surface interactions but also on 
hydrophobic association, matrix effects, and possible 
cation bridging or competition with other wastewater 
constituents. Since zeta potential and pHpzc analyses were 
not performed, the specific role of surface charge could 
not be confirmed in this study. Therefore, the pH-related 
interpretation is presented as a possible explanation for 
the observed adsorption behavior rather than as 
definitive mechanistic evidence [36, 37, 38]. 

For surfactant adsorption (Figure 3A), the removal 
efficiency increased from 79.73% to 85.91% as the 
adsorbent dosage increased from 1 to 3 g. This 
improvement can be attributed to the greater availability 
of adsorption sites and increased contact area between 
acid-activated RHA and surfactant molecules. However, 
increasing the adsorbent dosage further to 4 and 5 g 
decreased the removal efficiency to 82.96% and 74.94%, 
respectively. This decline may be associated with particle 
aggregation, active-site overlap, and reduced effective 
surface area at higher adsorbent loadings. Excessive 
adsorbent dosage may also cause interparticle 
interference and reduce mass-transfer effectiveness, 
resulting in lower apparent removal efficiency. Similar 
behavior has been reported in batch adsorption systems 
[39, 40, 41, 42, 43]. 
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Figure 3. Effect of adsorbent dosage of (A) surfactant and (B) phosphate onto acid-activated RHA. Experimental 
conditions: solution volume = 0.12 L, temperature = 25°C, agitation speed = 200 rpm, using real laundry wastewater 

without pH adjustment (initial pH = 8.1) 

 

Figure 4. Effect of contact time on the adsorption of (A) surfactant and (B) phosphate onto acid-activated RHA. 
Experimental conditions: solution volume = 0.12 L, temperature = 25°C, agitation speed = 200 rpm, and using real 

laundry wastewater without pH adjustment (initial pH = 8.1) 

The adsorption capacity, qe, showed an opposite 
trend to the removal efficiency. As shown in Figure 3A, qe 
decreased continuously from 0.74 mg/g at 1 g to 0.14 mg/g 
at 5 g. This decrease is expected because the same amount 
of adsorbate is distributed over a larger mass of 
adsorbent, resulting in lower adsorbate loading per unit 
mass of RHA. Therefore, the decrease in qe at higher 
adsorbent dosages does not necessarily indicate lower 
adsorbent performance, but rather reflects the dilution of 
adsorbed molecules across a greater number of available 
surface sites [44, 45, 46]. Based on the highest removal 
efficiency, 3 g was identified as the optimum dosage for 
surfactant removal, achieving 85.91% removal with an 
adsorption capacity of 0.26 mg/g. 

A similar dosage-dependent trend was observed for 
phosphate adsorption (Figure 3B). The phosphate 
removal efficiency increased from 45.24% at 1 g to 
65.67% at 4 g. The improvement to 4 g indicates that 
increasing the RHA dosage provides more sites accessible 
for phosphate uptake. However, further increasing the 
dosage to 5 and 6 g reduced the removal efficiency to 
63.59% and 56.92%, respectively. This reduction may be 
caused by particle agglomeration, overlapping adsorption 
sites, and a lower phosphate-to-adsorbent ratio, which 
limits the effective utilization of the added adsorbent 
mass. 

The qe value for phosphate decreased from 0.039 
mg/g to 0.008 mg/g as the adsorbent dosage increased 
from 1 to 6 g. Although the highest adsorption capacity 
was obtained at the lowest dosage, the corresponding 
removal efficiency was relatively low. The optimum 
phosphate removal was achieved at 4 g, with a removal 
efficiency of 65.67% and an adsorption capacity of 0.014 
mg/g. These results indicate that the optimum adsorbent 
dosage depends on the target contaminant. Surfactant 
removal was optimized at 3 g, whereas phosphate 
removal required a slightly higher dosage of 4 g, possibly 

due to its lower initial concentration and weaker 
interaction with the silica-rich RHA surface. 

3.3. Effect of Contact Time 

The effect of contact time on surfactant and 
phosphate removal by acid-activated RHA is presented in 
Figure 4A–B. Contact time strongly influenced the 
adsorption performance of both contaminants, with the 
highest removal efficiencies observed at 30 min. This 
trend indicates that the adsorption process proceeded 
rapidly during the early stage and reached an optimum 
contact time within a relatively short period. 

For surfactant adsorption (Figure 4A), the removal 
efficiency increased from 82.59% at 15 min to 88.30% at 
30 min. The adsorption capacity also increased from 
0.258 mg/g to 0.276 mg/g over the same period. This 
rapid increase suggests that surfactant molecules were 
readily adsorbed onto the accessible surface sites of acid-
activated RHA during the initial adsorption stage. The 
presence of hydroxyl- and siloxane-related functional 
groups on the RHA surface may contribute to surfactant 
uptake by providing heterogeneous surface sites for 
adsorption [47, 48]. Since zeta potential and pHpzc 
analyses were not performed, the relative contributions 
of electrostatic interactions, hydrogen bonding, and 
hydrophobic association cannot be clearly separated in 
the present study. 

After 30 min, both the removal efficiency and the 
adsorption capacity decreased. The surfactant removal 
efficiency declined to 80.12% at 45 min and 77.85% at 
60 min, while qe decreased to 0.250 and 0.243 mg/g, 
respectively. This decrease suggests that prolonged 
contact time did not improve surfactant adsorption after 
the optimum point. Instead, the slight reduction may be 
related to the reversible nature of physical adsorption, 
weakly bound surfactant molecules, or redistribution of 
adsorbed species at the solid–liquid interface. In real 
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laundry wastewater, this behavior may also be influenced 
by matrix effects because dissolved organic matter, 
detergent additives, and coexisting inorganic ions can 
compete with surfactant molecules for available 
adsorption sites or promote partial displacement of 
weakly adsorbed species [49, 50]. Therefore, the decline 
observed after 30 min is likely associated with a 
combination of adsorption–desorption equilibrium, 
surface rearrangement, and competitive interactions in 
the real wastewater matrix. 

For phosphate adsorption (Figure 4B), the removal 
efficiency increased from 49.69% at 15 min to 66.09% at 
30 min, while the adsorption capacity increased from 
0.011 to 0.014 mg/g. The lower adsorption capacity of 
phosphate compared with that of the surfactant may be 
attributed to its lower initial concentration in the 
wastewater and to its interaction mechanism with the 
silica-rich RHA surface. Phosphate adsorption may be 
associated with hydroxyl-containing sites on the silica-
rich RHA surface. However, without zeta potential, pHpzc, 
or XPS analysis, the specific roles of electrostatic 
attraction, hydrogen bonding, and surface complexation 
remain tentative. Nevertheless, because acid-activated 
RHA was not impregnated with metal oxides or cationic 
functional groups, its affinity toward phosphate is 
expected to be moderate. 

Beyond 30 min, phosphate removal decreased to 
48.42% at 45 min and 42.20% at 60 min. The 
corresponding adsorption capacity also declined to 0.010 
and 0.009 mg/g, respectively. This trend indicates that 
extending the contact time beyond 30 min may promote 
partial desorption or rearrangement of weakly bound 
phosphate species. The decrease may also be associated 
with competition from coexisting ions and dissolved 
organic matter in the real wastewater. Phosphate 
adsorption is sensitive to matrix composition because 
background organic matter and competing anions can 
occupy or block adsorption sites, modify surface charge 
interactions, or displace weakly bound phosphate from 
hydroxyl-containing surfaces [49, 50]. Since the present 
study used real laundry wastewater without matrix 
simplification, these competitive effects may partly 
explain the lower phosphate stability after the optimum 
contact time. Similar behavior has been observed in 
adsorption systems dominated by physical interactions 
or weak surface complexation, where equilibrium is 
reached rapidly, and prolonged contact does not 
necessarily improve removal performance [51, 52, 53, 54, 
55]. 

Overall, the contact time results demonstrate that 
acid-activated RHA can remove surfactant and phosphate 
from real laundry wastewater within a short treatment 
period. A contact time of 30 min was identified as the 
optimum condition for both contaminants, providing the 
highest removal efficiencies and adsorption capacities. 
The reduction observed at longer contact times suggests 
that adsorption performance in real wastewater is 
affected not only by contact time but also by reversible 

adsorption, possible competition among wastewater 
constituents, and re-equilibration within the 
multicomponent wastewater system. Therefore, 30 min 
was selected as the operating contact time for subsequent 
adsorption analysis. 

3.4. Adsorption Isotherm Analysis 

The adsorption equilibrium behavior of surfactant 
and phosphate onto acid-activated RHA was evaluated 
using the Langmuir and Freundlich isotherm models. The 
isotherm experiments were conducted separately using 
single-solute surfactant and phosphate standard 
solutions to allow controlled variation of the initial 
concentration and to minimize interference from the 
complex real wastewater matrix during model fitting. 
Therefore, the isotherm analysis was intended to provide 
supporting insight into the individual equilibrium 
adsorption behavior of each contaminant, rather than to 
represent simultaneous adsorption in real laundry 
wastewater. The practical removal performance under 
real wastewater conditions was evaluated separately 
through the adsorbent dosage, contact time, and kinetic 
experiments. The linearized isotherm plots are presented 
in Figure 5, and the corresponding parameters are 
summarized in Table 1. 

For surfactant adsorption, the Freundlich model 
showed an excellent correlation coefficient (R2 = 0.9993; 
Figure 5B). This result indicates that surfactant 
adsorption onto acid-activated RHA was better 
represented by a heterogeneous adsorption model than 
by a uniform monolayer model. The Freundlich model is 
commonly used to describe adsorption on heterogeneous 
surfaces where adsorption sites have different affinities 
and energy distributions [36]. The Freundlich constant KF 
was 0.2024 L/g, while the 1/n value was 2.8239. Since the 
1/n value is greater than unity, the adsorption behavior 
should not be interpreted as favorable Freundlich 
adsorption. Instead, this value indicates non-ideal, 
concentration-dependent adsorption, possibly 
associated with low adsorption intensity, heterogeneous 
site distribution, and limited affinity of the non-
functionalized, silica-rich RHA surface for surfactant 
molecules. Therefore, the Freundlich fit in this study 
mainly reflects surface heterogeneity rather than strong 
adsorption favorability. 

Although the Langmuir plot for surfactant 
adsorption showed a high correlation coefficient (R2 = 
0.9908), the fitted line exhibited a negative slope (Figure 
5A). Since the slope of the linear Langmuir equation 
corresponds to 1/qmax, a negative slope gives a non-
physical qmax value. Therefore, the Langmuir parameters 
for surfactant adsorption should not be used to infer 
monolayer capacity or homogeneous adsorption 
behavior. A high R2 value alone is insufficient to confirm 
Langmuir-type adsorption when the fitted parameters 
are not physically meaningful. Accordingly, surfactant 
adsorption in this study is better interpreted using the 
Freundlich model. 
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Figure 5. Linearized Langmuir and Freundlich adsorption isotherms for the adsorption of surfactant and phosphate 
standard solutions onto acid-activated RHA: (A) Langmuir and (B) Freundlich models for surfactant adsorption; 

(C) Langmuir and (D) Freundlich models for phosphate adsorption 

The predominance of Freundlich-type behavior is 
consistent with previous reports on surfactant adsorption 
using biomass- and waste-derived adsorbents, where 
adsorption is often governed by surface heterogeneity 
and physical interactions rather than uniform monolayer 
coverage [56, 57]. Compared with engineered biochar or 
activated carbon systems, the adsorption capacity of 
acid-activated RHA is relatively low. However, this is 
reasonable because RHA is a simple, low-cost, non-
functionalized adsorbent, and the adsorption process is 
mainly supported by naturally available silica-related 
surface groups rather than highly engineered active sites 
[57, 58]. 

For phosphate adsorption, the Freundlich model also 
provided a better fit than the Langmuir model, with R2 
values of 0.9171 and 0.8013, respectively (Figure 5C–D). 
The better agreement with the Freundlich model suggests 
that phosphate adsorption occurred on heterogeneous 
surface sites rather than through uniform monolayer 
coverage. The Freundlich constant KF for phosphate was 
0.2172 L/g, while the 1/n value was 1.9869. Similar to 
surfactant adsorption, a 1/n value greater than unity does 
not indicate favorable adsorption. Rather, it suggests 
non-ideal adsorption behavior and relatively weak 
adsorption intensity, which may be related to the limited 
availability of strong phosphate-binding sites on acid-
activated RHA. This interpretation is consistent with the 
absence of metal oxide or cationic functionalization, 
which are commonly required to enhance phosphate 
affinity on silica-based adsorbents. 

The interaction of phosphate with acid-activated 
RHA is likely associated with hydroxyl- and siloxane-
related groups on the silica-rich surface. These groups 
may contribute to phosphate uptake through surface 
interactions with hydroxyl- and siloxane-related sites 
[37, 38]. Nevertheless, the exact contribution of hydrogen 
bonding, electrostatic interactions, and weak surface 
complexation cannot be distinguished from isotherm 
fitting alone. However, because the adsorbent was not 

modified with metal oxides or cationic functional groups, 
strong ligand-exchange or inner-sphere complexation is 
unlikely to dominate. This explains the relatively low 
adsorption capacity and the better suitability of the 
Freundlich model for describing phosphate adsorption. 
Similar Freundlich-type phosphate adsorption has been 
reported for heterogeneous mineral and biomass-derived 
adsorbents, where non-uniform adsorption energies and 
weak surface interactions control phosphate uptake [38]. 

The Langmuir plot for phosphate adsorption also 
showed a negative slope (Figure 5C), indicating that the 
Langmuir-derived qmax and KL values are not physically 
reliable. Therefore, as with surfactant adsorption, the 
Langmuir model should be treated only as a comparative 
mathematical fitting model and not as evidence of 
monolayer adsorption. In contrast, adsorbents 
containing more reactive mineral phases or metal-based 
active sites often show stronger Langmuir-type 
phosphate adsorption because of more specific binding, 
ligand exchange, or precipitation mechanisms [59, 60, 
61, 62]. The different behavior observed for acid-
activated RHA suggests that phosphate uptake was more 
consistent with heterogeneous silica-based surface 
interactions than with highly specific chemisorption. 

Overall, the isotherm analysis indicates that the 
adsorption of both surfactant and phosphate onto acid-
activated RHA is better described by the Freundlich 
model. This suggests that adsorption occurs mainly on 
heterogeneous surface sites with non-uniform 
adsorption energies. The results support the role of acid-
activated RHA as a low-cost adsorbent with 
heterogeneous silica-based surface characteristics. 
However, because the isotherm experiments were 
performed using separate standard solutions, these 
findings should be interpreted as controlled equilibrium 
evidence for individual pollutant adsorption, while the 
practical removal performance in real laundry 
wastewater is discussed based on the dosage, contact 
time, and kinetic experiments. 
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Table 1. Adsorption isotherm parameters for surfactant and phosphate adsorption from single-solute standard 
solutions 

Adsorption isotherm 
parameter Unit 

Surfactant 
Langmuir 

Surfactant 
Freundlich 

Phosphate 
Langmuir 

Phosphate 
Freundlich 

qmax mg/g N.A. - N.A. - 

KL L/mg N.A. - N.A. - 

Kf L/g - 0.2024 - 0.2172 

1/n - - 2.8239 - 1.9869 

n - - 0.3541 - 0.5032 

R2 - 0.9908 0.9993 0.8013 0.9171 

N.A.: not applicable because the Langmuir linear fitting produced a negative slope, resulting in non-physical Langmuir parameters. 

3.5. Kinetic Adsorption Behavior 

The kinetic adsorption behavior of surfactant and 
phosphate from real laundry wastewater onto sulfuric 
acid–activated RHA is presented in Figure 6 and 
summarized in Table 2. Both contaminants showed rapid 
uptake during the initial adsorption period, followed by 
an apparent equilibrium within approximately 30 min. 
This rapid adsorption behavior suggests that a 
substantial fraction of accessible surface sites was 
occupied during the early stage of contact between the 
adsorbent and wastewater. Such fast uptake is 
advantageous for practical wastewater treatment because 
it indicates that contaminant removal can be achieved 
within a relatively short contact time. Similar rapid 
adsorption behavior has been reported for biomass- and 
ash-derived adsorbents, including fly ash and rice husk–
based materials [63, 64]. 

For surfactant adsorption, the pseudo-first-order 
model provided a good fit to the experimental data, with 
an R2 value of 0.988. The fitted equilibrium adsorption 
capacity was 0.257 mg/g, which was close to the 
experimental adsorption capacity observed near 
equilibrium. This agreement indicates that the pseudo-
first-order model can reasonably describe time-
dependent surfactant uptake under the conditions 
studied. However, the very high k1 value reflects rapid 
initial adsorption and should be interpreted with caution, 
as fast equilibrium and limited kinetic data points can 
reduce the reliability of rate constant estimates. 

The pseudo-second-order model also produced a 
high correlation coefficient for surfactant adsorption 
(R2 = 0.988); however, the fitted k2 value was negative. 
Since a negative adsorption rate constant is not physically 
meaningful, the pseudo-second-order model cannot be 
considered valid for describing surfactant adsorption in 
this system. Therefore, the pseudo-second-order result 
for surfactant should be treated only as a mathematical fit 
and should not be used to infer chemisorption or rate-
controlling mechanisms. This also indicates that model 
selection should not be based solely on R2, but must also 
consider the physical meaning of the fitted parameters. 

 

Figure 6. Kinetic adsorption behavior of (A) surfactant 
and (B) phosphate from real laundry wastewater onto 

sulfuric acid–activated RHA 

For phosphate adsorption, the pseudo-first-order 
and pseudo-second-order models produced lower 
correlation coefficients, with R2 values of 0.871 and 0.870, 
respectively. These values indicate that neither model 
fully captured the phosphate adsorption behavior under 
the experimental conditions. The relatively low 
adsorption capacity may be associated with the low initial 
phosphate concentration in real laundry wastewater and 
the limited availability of strong phosphate-binding sites 
on the silica-rich RHA surface. Unlike metal-modified 
adsorbents, acid-activated RHA lacks highly reactive 
metal centers for phosphate binding; therefore, 
phosphate uptake is expected to occur mainly through 
weaker interactions with hydroxyl- and siloxane-related 
surface groups. 

Among the tested models, the Elovich model 
provided the highest correlation coefficients for both 
surfactant and phosphate adsorption, with R2 values of 
0.999. This result suggests that adsorption occurred on 
energetically heterogeneous surface sites, where the 
adsorption rate decreased progressively as surface 
coverage increased. Such behavior is consistent with the 
heterogeneous surface morphology of acid-activated 
RHA observed in the SEM images and with the presence of 
silanol and siloxane groups indicated by FTIR analysis. 
However, because the adsorption process reached 
equilibrium rapidly and the kinetic dataset contained a 
limited number of time points, the Elovich fitting should 
be interpreted as supporting evidence of surface 
heterogeneity rather than definitive proof of a specific 
adsorption mechanism. 
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Table 2. Adsorption kinetic parameters for surfactant and phosphate removal from real laundry wastewater using 
sulfuric acid–activated RHA 

Kinetic model Parameter Unit Surfactant Phosphate 

Pseudo-first-order 
𝑞𝑡 =  𝑞𝑒 (1 − 𝑒−𝑘1𝑡) 

𝑞𝑡 mg/g 0.257 0.0113 

𝑘1 min−1 4929.061 0.238 

R2 - 0.988 0.871 

Pseudo-second-order 

𝑞𝑡 =  
𝑘2 𝑞𝑒

2 𝑡

1 + 𝑘2 𝑞𝑒 𝑡
 

𝑞𝑡 mg/g 0.257 0.0112 

𝑘2 g mg−1 min−1 N.A. 1.884 

R2 - 0.988 0.87 

Elovich 

𝑞𝑡 =  
1

𝛽
 𝑙𝑛 (1 + 𝛼𝛽𝑡) 

α mg g−1 min−1 2.306 4.36 

β g/mg 271.36 6748.538 

R2 - 0.999 0.999 

N.A.: not applicable because the pseudo-second-order fitting produced a negative 𝑘2 value for surfactant adsorption, which is not 
physically meaningful. 𝑞𝑒, equilibrium adsorption capacity (mg/g) at t; 𝑘1, pseudo-first-order rate constant (min−1); 𝑘2, pseudo-
second-order rate constant (g mg−1 min−1); α, initial adsorption rate constant of Elovich model (mg g−1 min−1); β, desorption constant 
related to surface coverage and activation energy (g/mg); R2, correlation coefficient. 

Overall, the kinetic analysis indicates that acid-
activated RHA can rapidly remove surfactant and 
phosphate from real laundry wastewater, with an 
optimum contact time of approximately 30 min. The 
kinetic fitting suggests that the adsorption process is 
better represented by models that account for rapid 
uptake and surface heterogeneity, particularly the 
Elovich model. Nevertheless, the kinetic parameters 
should be interpreted cautiously, especially for models 
producing non-physical values, such as the negative k2 
obtained for surfactant adsorption. Therefore, kinetic 
modeling in this study is best used to support the 
observed rapid removal behavior and heterogeneous 
adsorption tendency, rather than to assign a definitive 
rate-controlling mechanism. 

3.6. FTIR Analysis of Adsorbent After Adsorption 

The FTIR spectra of acid-activated RHA before and 
after adsorption are presented in Figure 7. Spectrum A 
represents acid-activated RHA, while spectra B and C 
represent RHA after surfactant and phosphate 
adsorption, respectively. Changes in band intensity and 
spectral features after adsorption suggest the 
involvement of surface functional groups during 
contaminant uptake. These variations indicate that 
surfactant and phosphate interact with the silica-rich 
surface of acid-activated RHA. However, the interactions 
should be interpreted cautiously because several 
characteristic bands may overlap within the same 
wavenumber regions. 

A broad absorption band centered at approximately 
3450 cm−1 was observed in all spectra. This band is 
commonly attributed to the stretching vibration of 
hydroxyl groups associated with surface silanol groups 
(Si–OH) and adsorbed water molecules. After surfactant 
adsorption, the intensity of this band increased and 
became broader, suggesting changes in the hydroxyl-
related environment after adsorption. This change may 
be associated with surface interactions between 
surfactant molecules and hydroxyl-containing groups, 
although FTIR alone cannot confirm the specific type of 

interaction. A similar broad band was observed after 
phosphate adsorption, indicating that hydroxyl-related 
groups also contributed to phosphate uptake. These 
observations are consistent with the presence of silanol 
groups on silica-based materials and their role as 
potential interaction sites for polar adsorbates [65, 66]. 

For surfactant-loaded RHA, changes were observed 
around 1636 cm−1. This band may be associated with the 
bending vibration of adsorbed water and/or the 
contribution of organic functional groups from surfactant 
species, including aromatic C=C vibrations from linear 
alkylbenzene sulfonate-type surfactants [67]. The 
increased intensity of this band after surfactant 
adsorption suggests that surfactant molecules were 
retained on the RHA surface. However, no distinct new 
bands indicating covalent bond formation were observed. 
Therefore, surfactant adsorption is more cautiously 
interpreted as being associated with weak physical 
surface interactions between surfactant moieties and the 
silica-rich RHA surface [68]. The possible involvement of 
hydrogen bonding, van der Waals forces, dipole 
interactions, and hydrophobic association remains 
tentative without additional surface-sensitive 
characterization. This interpretation is consistent with 
the Freundlich-dominated adsorption behavior, which 
suggests adsorption on heterogeneous surface sites. 

 

Figure 7. FTIR spectra of RHA-based adsorbent: (A) after 
H2SO4 activation, (B) after surfactant adsorption, and 

(C) after phosphate adsorption 
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After phosphate adsorption, noticeable changes were 
observed in the fingerprint region, particularly around 
the strong Si–O stretching band near 1103 cm−1. The 
decrease or modification of this band suggests that 
siloxane and silanol-related groups were involved in 
phosphate adsorption [69]. Because phosphate 
vibrational bands can overlap with the strong Si–O 
stretching region of silica-based materials, the absence 
of clearly separated phosphate-specific peaks does not 
necessarily indicate the absence of phosphate adsorption. 
Instead, the spectral changes suggest that phosphate 
uptake may involve interactions with surface hydroxyl 
and siloxane-related groups. However, the possible roles 
of hydrogen bonding, electrostatic attraction, and weak 
surface complexation should be regarded as proposed 
interactions rather than confirmed mechanisms. 

Additional spectral variations were observed in the 
lower wavenumber region between 700 and 400 cm−1, 
particularly near 793, 625, and 473 cm−1. The band near 
793 cm−1 is generally associated with symmetric Si–O–Si 
vibrations, while bands around 625 and 473 cm−1 may be 
related to Si–O bending and rocking modes [69, 70]. The 
changes in intensity in this region after surfactant and 
phosphate adsorption indicate that the local silica 
network environment was affected by surface 
interactions with the adsorbed species. However, these 
changes did not indicate a major structural disruption of 
the RHA framework, consistent with XRD results showing 
that the main silica-related diffraction features were 
retained after acid activation. 

Overall, the FTIR results support the involvement of 
hydroxyl, silanol, siloxane, and silica-related surface 
groups in the adsorption of surfactant and phosphate 
onto acid-activated RHA. However, these results should 
be interpreted as supportive evidence of surface 
involvement rather than definitive mechanistic proof. 
Distinguishing the relative contributions of hydrogen 
bonding, electrostatic interactions, surface 
complexation, and hydrophobic association would 
require additional analyses such as zeta potential, pHpzc, 
XPS, or surface charge measurements. 

4. Conclusion 

This study demonstrates the potential of sulfuric 
acid–activated rice husk ash (RHA) as a low-cost 
adsorbent for removing surfactants and phosphates from 
real laundry wastewater. Acid activation modified the 
observable characteristics of RHA while preserving its 
silica-based framework, producing a rougher 
morphology and retaining hydroxyl- and siloxane-
related functional groups. Batch adsorption experiments 
showed that the optimum dosage was 3 g for surfactant 
removal and 4 g for phosphate removal, with an optimum 
contact time of 30 min for both contaminants. Controlled 
isotherm experiments using separate single-solute 
standard solutions indicated that adsorption was better 
described by the Freundlich model, suggesting 
heterogeneous surface interactions. Kinetic analysis 
using real laundry wastewater showed rapid uptake, with 
the Elovich model providing the best overall fit. These 
findings suggest that acid-activated RHA is a promising, 

simple, and affordable adsorbent for treating laundry 
wastewater. However, further studies on regeneration, 
reusability, column performance, and cost analysis are 
needed to support long-term practical application. 
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