
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tent20

Environmental Technology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tent20

Removal of anionic surfactant from aqueous
solutions by adsorption onto biochars:
characterisation, kinetics, and mechanism

J. I. Bautista Quispe, L. C. Campos, O. Mašek & A. Bogush

To cite this article: J. I. Bautista Quispe, L. C. Campos, O. Mašek & A. Bogush (22 Jan
2024): Removal of anionic surfactant from aqueous solutions by adsorption onto
biochars: characterisation, kinetics, and mechanism, Environmental Technology, DOI:
10.1080/09593330.2024.2304677

To link to this article:  https://doi.org/10.1080/09593330.2024.2304677

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 22 Jan 2024.

Submit your article to this journal 

Article views: 320

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tent20
https://www.tandfonline.com/loi/tent20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09593330.2024.2304677
https://doi.org/10.1080/09593330.2024.2304677
https://www.tandfonline.com/action/authorSubmission?journalCode=tent20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tent20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09593330.2024.2304677
https://www.tandfonline.com/doi/mlt/10.1080/09593330.2024.2304677
http://crossmark.crossref.org/dialog/?doi=10.1080/09593330.2024.2304677&domain=pdf&date_stamp=22 Jan 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/09593330.2024.2304677&domain=pdf&date_stamp=22 Jan 2024


Removal of anionic surfactant from aqueous solutions by adsorption onto 
biochars: characterisation, kinetics, and mechanism
J. I. Bautista Quispea, L. C. Campos b, O. Mašekc and A. Bogusha

aCentre for Agroecology, Water and Resilience, Coventry University, Coventry, UK; bCentre for Urban Sustainability and Resilience, Department 
of Civil, Environmental and Geomatic Engineering, University College London, London, UK; cUK Biochar Research Centre, School of 
GeoSciences, University of Edinburgh, Edinburgh, UK

ABSTRACT  
Biochar, a waste biomass-derived adsorbent, holds promise for decentralised wastewater 
treatment. However, limited research exists on its efficacy in adsorbing anionic surfactants in 
wastewater. To address this, the adsorption of sodium dodecyl sulphate (SDS), a common 
anionic surfactant, was studied using various biochar types: rice husk biochar (RH-550 and RH- 
700), wheat straw biochar (WS-550 and WS-700) produced at 550°C and 700°C, wood-based 
biochar (OB), and activated carbon (AC) as a control. The study investigated the impact of pH (3– 
9), adsorbent loading (1–10 g/L), adsorbent size (<0.5–2.5 mm), contact time (5–180 min), and 
initial concentration (50–200 mg/L) on SDS removal. Under optimised conditions (100 mg/L SDS, 
4 g/L adsorbent, 1–2 mm particle size, pH 8.3, and 180 min contact time), maximum SDS 
removals were RH-550 (78%), RH-700 (82.4%), WS-550 (89.5%), WS-700 (90.4%), AC (97%), and 
OB (88.4%). Among the tested adsorbent materials, WS-550 exhibited the highest SDS 
adsorption capacity at 66.23 mg/g compared to AC (80.65 mg/g), followed by RH-550 (49.75 mg/ 
g), OB (45.87 mg/g), RH-700 (43.67 mg/g), and WS-700 (42.74 mg/g). SDS adsorption followed a 
pseudo-second-order kinetic model, indicating chemisorption on the adsorbent surface. The 
Freundlich isotherm model exhibited a better fit for the experimental data on SDS adsorption 
using all tested adsorbents except for RH-550. This study showed that biochars produced from 
agricultural and forestry residues are effective adsorbents for SDS in aqueous solutions and can 
be a promising sustainable and low-cost material for the treatment of greywater containing 
anionic surfactants (e.g. handwashing, laundry, kitchen, and bathroom greywaters).
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Highlights

. Biochar from agricultural and forestry waste can 
remove SDS from aqueous solution

. Rice husk, wheat straw, and wood biochars removed 
78–90.4% of SDS

. Comparable SDS adsorption capacity between WS- 
550 (66.23 mg/g) and AC (80.65 mg/g)

. SDS removal occurs through monolayer adsorption 
on the biochar surface

. Biochar can be used for treating domestic greywater 
with surfactants
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1. Introduction

The largest percentage of chemical products consumed 
daily are surfactants [1]. It was estimated that the world 
produced 1.7, 1.8, 9.3, and 13 million tons of surfactant in 
1984, 1987, 1995, and 2008, respectively [2,3]. Surfac-
tants are widely used in various applications such as 
soaps, detergents, emulsifiers, dispersants, lubricants, 
fabric softeners, wetting agents, and anti-fogging 
liquids in both industry and domestic settings [4]. 
Among the various types of surfactants available (e.g. 
anionic, cationic, non-ionic, and zwitterionic), anionic 
surfactants account for 65% of the world’s total pro-
duction [4]. There are different types of anionic surfac-
tants, such as linear alkylbenzene sulfonates (LAS), 
alcohol ether sulphates (AES), secondary alkane sulfo-
nates (SAS), and alcohol sulphates (ALS). Among them, 
LAS surfactants, such as sodium dodecyl sulphate 
(SDS), are the most common type of anionic surfactant 
due to their use in the manufacture of low-cost daily 
cleaning products [5].

Anionic surfactants have become common constitu-
ents in industrial wastewater due to their extensive use 
[6]. For instance, a high LAS concentration of up to 
454 mg/L has been reported in laundry wastewater [7]. 
Severe environmental and public health consequences 
occur when untreated wastewater is discharged into 
water and soil bodies [8]. In aquatic environments, 
anionic surfactants break down the protective mucus 
layer that shields fish from parasites and bacteria [9]. 
By reducing the surface tension of water, anionic surfac-
tants facilitate the adsorption of pesticides by aquatic 
organisms and increase eutrophication by making pollu-
tants more soluble [8]. Anionic surfactants also pose 
harm to humans; for instance, the effects of LAS on 
humans include disruption of the endocrine system, 
skin irritation, and respiratory problems [10].

Similar to industrial wastewater, domestic greywater 
generated from bathrooms, washbasins, showers, 
kitchen sinks, and washing machines also contains 
anionic surfactants. For instance, Shreya et al. [11] 
reported concentrations of 118.3, 14.9, and 41.9 mg/L 
in laundry, shower, and washbasin greywater, respect-
ively. Despite being a significant health and environ-
mental concern, untreated greywater containing high 
levels of anionic surfactant is commonly reused world-
wide for cleaning, toilet flushing, and crop irrigation 
[12,13]. Therefore, the removal of anionic surfactants 
from greywater before reuse is crucial to reduce 
human and environmental risks. Traditional municipal 
wastewater treatment plants typically employ various 
physical, chemical, and biological processes to remove 
anionic surfactants from greywater. However, these 

processes are often costly and energy-intensive, limiting 
their availability in low- and middle-income countries 
[11]. Consequently, the search for low-cost and sustain-
able methods to remove anionic surfactants from grey-
water is essential to enhance its quality and safety for 
further local reuse [14,15].

Recycling waste materials as wastewater adsorbents 
has recently gained attention as a strategy to boost indus-
trial symbiosis between the waste and water sectors under 
the circular economy context [16]. Biochar, a by-product of 
the thermal decomposition of biomass in the absence of 
oxygen (pyrolysis), is an example of waste-based adsor-
bent material of interest for wastewater treatment 
[17,18]. The physicochemical properties of biochar such 
as high surface area, high porosity, and presence of reac-
tive surface functional groups have facilitated its use in 
the treatment of different types of wastewater. For 
instance, biochar has been used to treat greywater [19], 
stormwater [20,21], municipal wastewater [22], agricul-
tural wastewater [23], and industrial wastewater [24].

Despite the existing knowledge on the use of biochar 
in wastewater treatment, little is known about whether 
biochar is effective in removing anionic surfactants 
from wastewater. To address this knowledge gap, the 
objective of this study was to investigate the potential 
of five different types of biochar produced from rice 
husk, wheat straw, wood residues, and conventional 
activated carbon to remove the anionic surfactant SDS 
under the influence of varying ranges of pH, adsorbent 
loading, adsorbent size, contact time, and initial concen-
tration. Moreover, this study aimed to explain the poss-
ible underlying mechanism involved in SDS adsorption, 
explicate the nature of the SDS adsorption process, 
and determine the maximal SDS adsorption capacity 
for each of the investigated adsorbents. This was 
achieved through a comprehensive examination of kin-
etics and adsorption isotherms. Studying the use of 
biochar to remove anionic surfactant is of great rel-
evance to evaluating its potential as an adsorbent 
material for on-site wastewater treatment technologies 
suitable for communities without centralised water 
treatment systems [17,19].

2. Materials and methods

2.1. Preparation of solution

The following chemicals were used for the experiments: 
SDS (99%), glacial acetic acid (99.5%), acridine orange 
(87% dye content), and toluene (99.9%) (Merck, UK). 
Freshly prepared deionised water was used throughout 
the experiment. An acridine orange stock solution of 
0.005 M was prepared by mixing 0.33 g of acridine 
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orange with 250 mL of deionised water. A 1000 mg/L SDS 
solution was prepared in a standard 100 mL volumetric 
flask. An amount of 100 mg of SDS was weighed using 
a high-precision electronic balance (PX224, Ohaus, USA) 
with an accuracy of 0.00001 g. The SDS was poured into 
the volumetric flask, and then double distilled water 
was added to complete the solution. A fresh stock sol-
ution was prepared every 15 days. After stock solution 
preparation, different working solutions were obtained 
with appropriate dilution.

2.2. Adsorbent materials and their 
characterisation

Standard wheat straw biochar (raw particle size of 5 - 
10 mm) and rice husk biochar (raw particle size of 1 - 
3 mm), each produced on a pilot-scale pyrolysis unit at 
550°C and 700°C, were supplied by the UK Biochar 
Research Centre (University of Edinburgh, UK) [25]. The 
standard biochar materials were used in their pure 
form as received from the UKBRC in sealed containers. 
Detailed specifications of the material can be found in  
Table 1. Commercially available ‘Oxford biochar’, pro-
duced from the pyrolysis of mixed forestry residues 
(mainly wood residues from Beech and Oak trees) at 
650°C, was purchased from Oxford Biochar Ltd. [26]. 
The selection of wheat straw, rice husk, and wood resi-
dues as the feedstock material for biochar production 
was based on their abundance and annual availability 
as by-products worldwide [27–29]. The choice of 
biochar samples produced at temperatures above 500° 
C was made considering the influence of biochar pro-
duction temperature production to achieve desirable 
biochar properties (high surface area, high porosity, 
and abundant active functional groups) for wastewater 
treatment [25]. Commercially available granular acti-
vated carbon (raw particle size of 10 - 20 mm) with a 
surface area of 1500 - 3000 m2/g was purchased from 
Tropical Reef (UK). Activated carbon acted as a control 
adsorbent due to its conventional use and proven 
capacity to remove SDS from aqueous solutions [30,31].

The rice husk biochars produced at 550°C and 700°C 
were labelled as RH-550 and RH-700, respectively. The 
wheat straw biochars produced at 550°C and 700°C 
were labelled as WS-550 and WS-700, respectively. The 
biochar made from wood residues and granular acti-
vated carbon were labelled as OB and AC, respectively. 
The adsorbent materials were manually ground using a 
laboratory mortar and pestle and then sieved to the 
desired particle size using soil sieves of different mesh 
sizes. All adsorbents were washed with deionised 
water to remove any finer foreign material or impurities. 
After washing, the different types of biochar were dried 

at 60°C for 24 h and stored in a desiccator at room 
temperature.

A BET technique (Nova 4000 analyser, Quantachrome 
Instruments, USA) was used to determine the surface 
area of the adsorbent materials. The surface area was cal-
culated using the BET equation from N2 isotherms (> 99% 
purity) measured at 77 K [32]. A Fourier transform infrared 
spectrometer (FTIR) (Nicolet™ iN10 Infrared Microscope, 
Thermo Scientific, UK) was used to identify the surface 
functional groups. The scanning range was 675– 
4000 cm−1. FTIR analyses were performed on the adsor-
bent materials before and after SDS adsorption to deter-
mine changes in the surface functional groups of the 
adsorbents. The assignment of functional groups corre-
sponding to absorption peaks was based on previous lit-
erature [33–35]. The analysis of moisture content, total 

Table 1. Characterisation of raw adsorbent materials.

Parameter

Adsorbent

RH- 
550

RH- 
700

WS- 
550

WS- 
700 OBα AC

Basic utility 
properties

BET surface area (m2/ 
g)

20.10 42 26.40 23.20 300 1500 - 
3000

Moisture content (wt 
%)

1.54 1.49 1.88 2.17 - -

Total ash (wt%) 47.93 47.93 21.25 23.82 - -
Volatile matter (wt%) 7.48 4.99 10.55 7.38 - -
pH 9.71 9.81 9.94 10.03 - -
pHzpc 7.22 7.64 6.57 6.78 8.70 7.01
Electrical 

conductivity (dS/ 
m)

0.48 0.69 1.70 1.52 – –

Biochar C stability (% 
C-basis)

95.28 100.18 96.51 100.97 N.A. N.A.

Elemental 
composition

Ctot (wt%) 48.69 47.32 68.26 69.04 – –
H (wt%) 1.24 0.63 2.10 1.18 – –
O (wt%) 2.47 2.06 6.92 5.30 – –
Mineral N 

(ammonium & 
nitrate) (mg/kg)

<3 <3 <3 <3 – –

Total P (wt%) 0.10 0.16 0.14 0.25 0.06 –
Total N (wt%) 1.04 0.85 1.39 1.32 – –
Total K (wt%) 0.39 0.62 1.56 1.47 0.17 –
As (mg/kg dry wt) 0.26 bdl 1.16 1.26 – –
Cd (mg/kg dry wt) 17.84 19.97 3.15 1.27 – –
Cr (mg/kg dry wt) 4.99 bdl bld 4.45 – –
Co (mg/kg dry wt) 2.94 4.59 1.14 1.58 – –
Cu (mg/kg dry wt) 5.40 26.93 3.63 4.68 7.65 –
Pb (mg/kg dry wt) bdl bdl bdl bdl – –
Hg (mg/kg dry wt) bdl bdl bdl bdl – –
Mo (mg/kg dry wt) 0.64 0.67 0.84 3.26 – –
Ni (mg/kg dry wt) 3.00 2.71 1.00 2.50 – –
Se (mg/kg dry wt) bdl bdl bdl bdl – –
Zn (mg/kg dry wt) 23.58 36.17 10.50 12.03 35.5 –
Production 

parameters
Temperature (°C) 550 700 550 700 650 –
Heating rate (°C/min) 98 92 80 79 – –
Biochar yield (wt%) 37.20 32.77 24.11 23.54 – –
Kiln residence time 

(min)
15 17 15 15 – –

bdl: below detection limit; N.A.: not applied
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ash, and volatile matter was carried out by a thermogravi-
metric analyser (Mettler-Toledo TGA/DSC1, Mettler 
Toledo, USA). The primary elemental composition of the 
materials (C and H) was analysed using an elemental ana-
lyser (Flash 2000, CE Elantech Inc, New Jersey, USA). The O 
content was determined by difference. Biochar pH and 
electrical conductivity were determined using benchtop 
probes (Mettler-Toledo, USA) to measure the pH and elec-
trical conductivity of solutions composed of 1 g of 
biochar and 20 mL of deionised water. Solutions were 
shaken for 1.5 h in an Orbital Multi-Platform Shaker 
PSU-20i (Grant Instruments Ltd, UK) before measurement 
of pH and electrical conductivity [36]. The determination 
of the point of zero charge (pHzpc) involved adjusting the 
initial pH of solutions (biochar dosage: 10 g/L) using 
sodium hydroxide (NaOH) and nitric acid (HNO3) sol-
utions within the range of 3 - 13. Subsequently, the 
final pH values were measured after shaking the solutions 
for 24 h at 120 rpm [37]. The biochar C-stability was 
assessed through the accelerated ageing method, 
employing a combination of thermal and chemical oxi-
dation. Total P and total K were determined using Aqua 
Regia digestion, followed by ICP (Inductive Coupled 
Plasma). The analysis of heavy metals involved the 
modified dry ashing method, followed by ICP-OES 
(Optical Emission Spectrometry). All characterisation ana-
lyses were performed at the UK Biochar Research Centre 
(University of Edinburgh, UK), except for the FTIR analysis. 
The FTIR analysis and all further experimental analyses 
were carried out at the High-performance Analytical 
Hub at the Centre for Agroecology, Water and Resilience 
(Coventry University).

2.3. Experimental procedure

2.3.1. Influence of operation parameters on SDS 
adsorption
Adsorption experiments were carried out in 100 mL test 
bottles containing 50 mL of SDS stock solution and a 
known concentration and amount of biochar sample. 
The test bottles were shaken in an orbital shaker Mega-
fuge 16R (Thermo Scientific, Germany) at 200 rpm for a 
predetermined time (5 - 180 min). Rotation was kept 
constant throughout the experimental work. After 
shaking, the solution was filtered through a Whatman 
filter paper, and the filtrate was centrifuged at 
5000 rpm for 10 min. Each trial was conducted in tripli-
cate to ensure the accuracy of the results.

The influence of pH (range 3 - 9), adsorbent loading 
(range 1 - 10 g/L), adsorbent size (< 0.5, 0.5 - 1, 1 - 2, 
and 2 - 2.5 mm), initial SDS concentration (range 50 - 
200 mg/L), and contact time (range 5 - 180 min) on the 
extent of SDS adsorption was investigated. For the 

trials evaluating the influence of the pH range on SDS 
adsorption, the test bottles contained 50 mL of 
100 mg/L SDS solution, 4 g/L of adsorbent loading, 
and adsorbent particle size of 1–2 mm. The pH value 
of the SDS solution was adjusted to 3, 5, 7, and 9 by 
adding either 0.1 M of hydrochloric acid (HCl) or 0.1 M 
of NaOH. For the trial evaluating the influence of adsor-
bent loading range on SDS adsorption, the test bottles 
contained 50 mL of 100 mg/L SDS and adsorbent par-
ticle size of 1–2 mm. The adsorbent loadings under 
study were 1, 2, 4, 6, 8, and 10 g/L. For the trial assessing 
the influence of adsorbent size on SDS adsorption, the 
test bottles contained 50 mL of 100 mg/L SDS and 4 g/ 
L of adsorbent loading. The particle sizes under study 
were < 0.5, 0.5–1, 1–2, and 2–2.5 mm. For the trial study-
ing the impact of initial SDS concentration on SDS 
adsorption, the test bottles contained 50 mL of solution, 
4 g/L of adsorbent loading, and an adsorbent particle 
size of 1–2 mm. The initial SDS concentrations were 50, 
100, 150, and 200 mg/L. For the trial evaluation of the 
effect of contact time on SDS adsorption, the test 
bottles contained 50 mL of 100 mg/L SDS solution, 
4 g/L of adsorbent loading, and adsorbent particle size 
of 1–2 mm. The contact times were 5, 10, 30, 60, 90, 
120, 150, and 180 min. The pH value of the SDS solution 
for most experiments (excluding the first experimental 
trials) was 8.3, the natural pH value of the solution. The 
pH value of the SDS solution was not adjusted 
because findings from the pH influence trials showed 
negligible pH impact on the extent of SDS removal. 
The contact time for most experimental trials (excluding 
the last one) was set to 180 min. All batch experiments 
were performed at room temperature (20 °C).

2.3.2. Kinetic and isotherm experiments
Kinetic and isotherm experiments were conducted by 
placing 4 g/L of adsorbent with a particle size of 1– 
2 mm to 50 mL of SDS solutions at various concen-
trations (50, 100, 150, and 200 mg/L) inside 100 mL 
test bottles. The contact time was set at 180 min, 
which was sufficient to reach equilibrium. The exper-
iments were carried out at room temperature. Initial con-
centrations of SDS surfactant were chosen based on 
those commonly found in greywater effluents [11,38].

2.4. Experimental analysis

The concentration of SDS in both the feed and filtrate 
solution from centrifugation was measured using the 
acridine orange complex method [39,40]. Anionic surfac-
tants, such as SDS, form a complex with cationic dyes 
(e.g. acridine orange) known as the ion-association 
complex. This complex can be extracted in an organic 
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solvent layer such as toluene, under low pH conditions 
achieved by adding glacial acetic acid. Samples were 
diluted to create a 10 mL sample within the rec-
ommended concentration range of 1 - 6 mg/L for SDS 
analysis [39,40]. The solution was then transferred into 
a 50 mL glass vial, and 100 µL of acridine orange, 
100 µL of glacial acetic acid, and 5 mL of toluene were 
added. Subsequently, the contents were shaken for 
2 min and allowed to settle for 5 min. Using a laboratory 
pipette, approximately 2.5 mL of the toluene layer was 
transferred into a 3 mL test cuvette. The surface of the 
test cuvette was then cleaned with ethanol (99%) and 
used directly for absorbance measurement at λmax of 
467 nm using the spectrophotometer WPA S800+ (Bio-
chrom, USA). For the determination of the SDS concen-
tration after adsorption experiments, a calibration 
curve and equation were created initially by measuring 
the absorbance of standard SDS solutions at concen-
trations of 1, 2, 3, 4, 5, and 6 mg/L. Subsequently, the 
values obtained from the absorbance measurement of 
the test cuvettes were substituted into the calibration 
curve equation to determine the final SDS concen-
tration. The amount of SDS adsorbed onto the adsor-
bents at time t, qt (mg/g) was determined using 
Equation (1) while the SDS removal efficiency of adsorp-
tion was calculated using Equation (2). C0 is the initial 
SDS concentration (mg/L), Ct is the SDS concentration 
at any time t, v is the volume of the SDS solution (L) 
and m is the mass of adsorbent (g).

qt = ((C0 − Ct)/m) × (1) 

% Adsorption = ((C0 − Ct)/C0) × 100 (2) 

2.5. Statistical analysis

The mean and standard deviation values of SDS removal 
efficiency (%) and maximal SDS adsorption capacity 
(mg/g) for each of the investigated adsorbents were cal-
culated. A two-way ANOVA test was conducted to assess 
the main effect of the operation conditions (pH, adsor-
bent loading, adsorbent size, contact time, and initial 
concentration) and the types of adsorbents on the 
removal of SDS. The significance level for the statistical 
tests was 5% (P < 0.05).

3. Results and discussion

3.1. Characterisation of biochar adsorbents

Table 1 shows the properties and production parameters 
of the adsorbents [25,26,41]. The BET surface area of the 
biochar adsorbents ranged from 20.10 m2/g for RH-550 

to 300 m2/g for OB. Generally, biochar adsorbents 
derived from the pyrolysis of agricultural residues, such 
as rice husk (RH-550 and RH-700) and wheat straw 
(WS-550 and WS-700), exhibited lower surface areas 
compared to biochar produced from wood residues 
(OB). Commercial AC displayed the highest surface 
area (1500–3000 m2/g). The ash content varied from 
21.25 wt% in WS-550 to 47.93 wt% in RH-550 and RH- 
700. The pH value of the biochar adsorbents was alka-
line, ranging from 9.71 for RH-550 to 10.03 for WS-700. 
The biochar adsorbents demonstrated a high degree 
of carbonisation, with the total carbon (Ctot) content 
being higher in the wheat straw biochars (∼ 70%) than 
in the rice husk biochars (∼ 50%). The FTIR spectra of 
the biochar adsorbents and AC are depicted in  
Figure 1. The adsorbents exhibited functional groups 
such as -O-H stretching vibrations at a wavenumber of 
∼3670 cm−1; C–H bond stretching in aliphatic formation 
at ∼3070 cm−1; C = O stretching of carboxylic, ester, 
ketone and aldehyde groups at 1670–1870cm−1; –C =  
C– stretching of the aliphatic group at ∼1570 cm−1, 
and C–O stretching of the aliphatic group at 
∼1270 cm−1. Notably, RH-550, WS-550, OB, and AC dis-
played more surface functional groups than the other 
adsorbents. Strong peaks of –O-H, C–H, C = C, and = C– 
H groups were observed for AC, WS-550, and OB. In con-
trast, RH-700 and WS-700 exhibited fewer surface func-
tional groups. Elnour et al. [42] demonstrated that the 
functional groups of biochar samples decreased with 
increased pyrolysis temperature, possibly due to the 
destruction of functional groups during the higher- 
temperature carbonisation process. Peaks of C = C, C– 
O–C, and = C–H groups were observed for RH-700, 
while peaks of C = C and = C–H groups were reported 
for WS-700.

3.2. Effect of pH on SDS adsorption

The pH of the solution influences the surface charge of 
the adsorbent, and any variations in pH are anticipated 
to impact the extent of adsorption. Usually, adsorbents 
with higher pHzpc values can be employed for the 
adsorption of anionic surfactants, as their surfaces 
become positively charged when the solution pH is 
below their pHzpc values [37]. To investigate the pH- 
dependent impact on SDS adsorption, solutions with 
the pH values of 3, 5, 7 and 9 were employed. As 
depicted in Figure 2, variations in solution pH did not 
exert a significant effect on SDS removal (P > 0.05). 
When the solution pH was below the pHzpc value of 
the tested adsorbents (RH-550: 7.22, RH-550: 7.64, WS- 
550: 6.57, WS-700: 6.78, AC: 7.01, and OB: 7.8), the adsor-
bent surfaces exhibited a positive charge, facilitating 
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SDS adsorption through electrostatic interactions 
between the adsorbent and the anionic surfactant 
(Table 1). Interestingly, when the solution pH was 
higher than the pHzpc value, there was no anticipated 
decrease in SDS adsorption for rice husk biochars (RH- 
550 and RH-700); instead, SDS adsorption levels 
remained consistent. This trend was observed similarly 
for wheat straw biochars (WS-550 and WS-700), where 
SDS adsorption tended to increase as expected when 
the solution pH was below or close to the pHzpc, but 
it slightly decreased at a solution pH of 9. Regarding 
AC, SDS adsorption increased at solution pH values 
lower than the pHzpc value and showed a slight 
decrease at solution pH values higher than the pHzpc 
value. Conversely, for OB, there were no notable 
changes in SDS adsorption across the various tested sol-
ution pH values. Overall, SDS removal percentages were 
observed in the range of 76.5% to 77.4%, 76.6% to 80%, 
81.5% to 87.5%, 82.1% to 87.9%, 89.2% to 96.3% and 

87.7% to 88.4% for RH-550, RH-700, WS-550, WS-700, 
AC, and OB, respectively, across a pH range of 3–9. 
While pH variations were expected to predominantly 
control SDS adsorption through electrostatic inter-
actions, the lack of pH dependency in SDS removal 
suggested the influence of additional removal mechan-
isms. As identified by Pavan et al. [43] and Nowrouzi 
et al. [44], six mechanisms are associated with surfactant 
adsorption, including ion exchange, ion pairing, hydro-
gen bonds, π-electron polarisation, dispersion forces, 
and hydrophobic interactions. For example, the adsorp-
tion of sodium lauryl sulphate (SLS) on commercial AC 
demonstrated a reliance on hydrophobic interactions, 
as reported by Bindes & Franco [45]. It was reported 
that SLS adsorption relied mainly on hydrophobic inter-
actions between the surface of AC and the hydrophobic 
tail of the surfactant. Similarly, Schouten et al. [46] inves-
tigated the adsorption of LAS from laundry rinsing water 
on AC and found that the interaction between the 
hydrophobic LAS alkyl chain and the aromatic group 
with the hydrophobic AC surface was the main LAS 
removal mechanism. However, Sen et al. [47] reported 
a pH-dependent SDS removal by pine cone biomass, 
suggesting that electrostatic interactions could control 
SDS adsorption. This means that the dominant SDS 
removal mechanism might be different according to 
the chemical nature of the surfactant, the surface prop-
erties of the adsorbent material, and the characteristics 
of the aqueous solution.

The study of the effect of pH on the extent of SDS 
adsorption was coupled with an investigation into the 
effect of contact time. Fig. S1 illustrates that, under the 
tested conditions, the maximum adsorption capacity of 
the adsorbents was achieved within the initial 30 min, 

Figure 1. FTIR spectra of the raw adsorbent materials.

Figure 2. Effect of pH on SDS removal. Some error bars are 
smaller than the symbol size.
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becoming negligible after 120 min (supplementary 
information). Similar to SDS removal, no significant 
differences in the adsorption capacity were observed 
among the adsorbents. AC exhibited the highest adsorp-
tion capacity (24.4 mg/g) followed by OB (22.1 mg/g), 
WS-700 (22.0 mg/g), WS-550 (21.9 mg/g), RH-700 
(20 mg/g), and lastly by RH-550 (19.3 mg/g). Several 
studies evaluating the influence of pH on adsorption 
capacity have been reported in the literature. Than 
et al. [48] reported maximum adsorption capacities of 
68.54 mg/g (pH 3) and 57.92 mg/g (pH 6) for thermally 
activated (400 - 1000°C) fish scale (RFSP) and seashell 
powder (RSSP), respectively. Bhandari & Gogate [49] 
found a maximum adsorption capacity of 28.57 mg/g 
for sodium dodecyl benzene sulfonate (SDBS) using 
phosphoric acid-activated crushed coconut shell at a sol-
ution pH of 2. The adsorption capacities found for bio-
chars in this study were lower compared to the 
reported literature. However, by comparing the 
maximum adsorption capacity data reported by Bhan-
dari & Gogate [49] with those of biochar adsorbents dis-
cussed in this paper, it can be assumed that biochar 
adsorbents can be considered an alternative to the 
chemically-activated adsorbents. As pH exhibited an 
overall negligible impact on SDS removal, subsequent 
trials were conducted at the natural pH of the solution 
(8.3).

3.3. Effect of adsorbent loading on SDS 
adsorption

The extent of SDS adsorption depends on the amount of 
adsorbent used in this study. To understand the effect of 
adsorbent loading on the extent of adsorption, different 
amounts of adsorbents within the range of 1, 2, 4, 6, 8, 
and 10 g/L were used in the experiments (Figure 3). As 
shown in Figure 3, both the type of adsorbent and the 
adsorbent loading significantly affected the removal of 

SDS (P < 0.05). For instance, SDS removal increased 
from 57.3% to 76.6%, 54.9% to 75.0%, 61.5% to 82%, 
60% to 74.7%, 72.2% to 97.2%, and 70.3% to 94.3% for 
RH-550, RH-700, WS-550, WS-700, AC, and OB, respect-
ively. This trend may be attributed to the increased avail-
ability of adsorption sites. Additionally, the increased 
dosage of adsorbent also increased exchangeable sites, 
resulting in more efficient adsorption. Overall, an 
increase in the adsorbent amount above 6 g/L did not 
yield beneficial results. In fact, SDS removal was slightly 
reduced for additional loading above 8 g/L on the RH- 
550, RH-700, WS-700, and AC trials. It is possible that 
the aggregation of particles and shielding of active 
sites explain the observed reduction in removal at 
higher loadings. The results reported in this study were 
similar to those reported by Bhandari & Gogate [49], 
who showed an increase in SDBS removal by up to 
92.5% using 3 g/L of adsorbent dosage (activated 
coconut shell). Likewise, Mi-na et al. [50] concluded 
that utilising 4 g/L of chromium leather waste as an 
adsorbent material is enough to remove 95% of SDBS 
from a 100 mg/L initial concentration. In the literature, 
however, studies have shown that much larger 
dosages of adsorbent enhanced anionic surfactant 
removal. For instance, Ersa et al. [51] established that 
LAS removal decreased at a larger dosage of adsorbent. 
When the dosage of rice straw increased from 10 to 
20 g/L, the LAS removal decreased from 70% to 50%. 
In another study, 10 g/L of a polymeric composite sup-
ported with activated rice husk removed 96% of deter-
gent (MBAS) from greywater [52]. From the results 
obtained and the information reported in the literature, 
it was not possible to establish a one-way effect of the 
adsorbent dosage on the surfactant removal extension. 
This is due to the differences in anionic surfactant type 
and adsorbent materials used in the present study com-
pared to others reported in the literature. In the case of 
biochar performance, even though SDS removal was 
above 70% for all the investigated biochar adsorbents 
in this study, it is not possible to compare their perform-
ance in removing surfactants in real or synthetic waste-
water due to a lack of studies.

The study of the combined effect of adsorbent 
dosage and contact time on the extent of adsorption 
capacity was also investigated in the present study. 
Fig. S2 illustrates the variations in adsorption capacity 
obtained with each adsorbent (supplementary infor-
mation). It can be noticed that the adsorption capacity 
increased during the first 30 min of contact and 
became negligible after 60 min for most of the adsor-
bents. As expected, the adsorption capacity increased 
as the dosage of the adsorbent increased. Similar 
maximum adsorption capacities were observed when 

Figure 3. Effect of adsorbent loading on SDS removal. Error bars 
are smaller than the symbol size.
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the adsorbent dosage was between the range of 1 to 
6 g/L, particularly for RH-700 (Fig. S2b), WS-550 (Fig. 
S2c), WS-700 (Fig. S2d), AC (Fig. S2e), and OB (Fig. S2f). 
This agrees with the results shown in Figure 3 where 
negligible SDS removal percentages were reported for 
adsorbent loading above 6 g/L for all the tested adsor-
bents. In the literature, similar studies have found a con-
tradictory relationship between adding larger adsorbent 
loadings and their effect on the removal of surfactants. 
For instance, the results obtained in this study seem to 
be consistent with Gupta et al. [53], who found an 
increase in the adsorption capacity when dosages of 
waste-activated carbon were increased from 0.1 to 6 g/ 
L. As previously mentioned, the increased adsorption 
capacity was attributed to the increased number of 
sites available for adsorption. In contrast to previous 
findings, Sen et al. [47] described that a decrease in 
the amount of adsorbed SDS from 71.54 to 26.55 mg/g 
was observed when the adsorbent dosage (pine cone 
biomass) increased from 0.02 to 0.04 g. The decrease 
in SDS adsorbed was due to a split in flux or the concen-
tration gradient between the concentration of the solute 
in the solution and the concentration of the solute on 
the adsorbent surface. In addition, a similar trend was 
noted by Purakayastha et al. [54] when dosages of 
rubber granules in the range of 5 to 15 g/L were used 
to remove SDS. These different results suggest that 
SDS removal depends not only on the adsorbent 
amount but also on the surface properties of the 
adsorbents.

3.4. Effect of adsorbent particle size on SDS 
adsorption

Various sizes of adsorbents within the ranges of < 0.5, 
0.5–1, 1–2, and 2 - 2.5 mm were employed in the exper-
iments to investigate the influence of adsorbent size on 
the extent of SDS adsorption. Figure 4 shows the exper-
imental data on SDS removal under the influence of 

adsorbent particle size. The removal of SDS decreased 
for RH-550, WS-550, and OB when the adsorbent particle 
size increased from < 0.5 to 2.5 mm (Figure 4). For 
instance, the removal of SDS decreased from 68.7% to 
51%, 85.3% to 58.2%, and 91.3% to 58.2% for RH-550, 
WS-550 and OB, respectively. However, for RH-700, WS- 
700 and AC, the SDS removal did not follow a decreasing 
trend as the adsorbent particle size increased. Overall, 
SDS removal was not significantly affected by the adsor-
bent particle size or the type of adsorbent used (P >  
0.05).

Several studies have reported a similar trend in the 
removal of SDS when the adsorbent size was increased. 
Purakayastha et al. [54] observed a high uptake of SDS of 
90%, 86%, and 84% for average particle sizes of 75, 150 
and 425 µm, respectively. Similarly, Ersa et al. [51] 
assessed the effect of different particle sizes retained 
at 50 (0.3 mm) 100 (0.15 mm), and 140 mesh (0.1 mm) 
on SDS removal. SDS was effectively removed when 
the particle size was smaller. Since adsorption is a 
surface phenomenon, a higher SDS removal percentage 
is observed as the size of the particles decreases. This is 
because the surface area increases as the particle size 
decreases [54]. In the case of RH-700 and WS-700, the 
SDS removal gradually increased to 69.8% and 85.5%, 
respectively, with an increase in adsorbent size from <  
0.5 to 2 mm, after which it slightly decreased to 64.6% 
and 67%, respectively. Enaime et al. [17] claimed that 
biochar produced at higher temperatures than 500°C 
exhibited a high degree of hydrophobicity and a high 
micropore volume, making the adsorbent highly 
effective for removing organic pollutants such as SDS. 
It seems that increasing the particle size of RH-700 and 
WS-700 resulted in higher micropore volume, facilitating 
hydrophobic interactions, as explained in Section 3.1. 
For AC, above 90% of SDS removal was reported for 
the adsorbent sizes within the range of < 0.5 to 2 mm, 
followed by an SDS removal decrease to 82.3% for the 
adsorbent size of 2 - 2.5 mm. Overall, particles larger 
than 2 mm might negatively affect SDS removal due to 
a decrease in adsorbent surface area. Therefore, an 
adsorbent particle size of 1 - 2 mm was used for 
further trials.

Turning now to the adsorption capacities observed 
for each adsorbent, AC, OB, WS-700, WS-550, RH-700, 
and RH-550 removed 23.6, 22.8, 21.4, 21.3, 17.5, and 
17.2 mg/g, respectively. Compared to literature reports, 
the adsorbents examined in this study exhibited signifi-
cantly higher adsorption capacities. For instance, Pura-
kayastha et al. [54] reported an adsorption capacity of 
0.5 mg/g for rubber granules of different particle sizes. 
Similarly, Ersa et al. [51] demonstrated a maximum 
adsorption capacity of 0.37 and 0.62 mg/g for eggshell 

Figure 4. Effect of the adsorbent particle size on SDS removal. 
Some error bars are smaller than the symbol size.
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and rice straws, respectively. The low adsorption 
capacity reported for rice straws (0.62 mg/g) compared 
to the values obtained in this study for rice husk 
biochar (49.75 mg/g for RH-550 and 43.67 mg/g for 
RH-700) can be explained by the differences in surface 
area between the two adsorbents. It is believed that 
biomass thermal treatment (pyrolysis) at 550 - 700°C 
increased the biochar surface area [55]. For example, 
the surface area was 22.35 and 42 m2/g for rice straws 
and rice husk biochar thermally activated at 700°C [51], 
respectively (Table 1). This suggests that biochars may 
be more efficient at removing SDS than adsorbents 
based on raw biomass.

3.5. Effect of contact time on SDS adsorption

Time is a critical factor in adsorbate–adsorbent inter-
action during adsorption. Generally, a larger number of 
vacant sites are available at the beginning of the 
process, resulting in a faster rate of adsorption [49,56]. 
However, a decline in the concentration gradient, a 
reduction in vacant sites, and unfavourable interactions 
between adsorbed molecules and molecules in the sol-
ution cause the rate of adsorption to decrease over 
time. Hence, studying the effect of contact time on the 
extent of SDS adsorption is crucial to establish batch 
cycle timings that allow maximum removal and assess 
the adsorption equilibrium characteristics. Figure 5 illus-
trates the variation of SDS removal with time. In general, 
contact time and the type of adsorbent significantly 
affected SDS removal (P < 0.05). As can be observed for 
all adsorbents, the uptake of SDS from the solution 
exceeds 50% within the first 10 min. Around 72.8%, 
79.5%, 83.5%, 74.8%, 67.4%, and 63% SDS removal was 
obtained for RH-550, RH-700, WS-550, WS-700, AC, and 
OB, respectively, after 10 min of contact time. The 

rapid SDS uptake at the beginning of the process can 
be attributed to the abundance of vacant adsorption 
sites on the surface of the adsorbents, which gradually 
decreased over time until maximum SDS removal is 
achieved. Overall, the maximum SDS removal for RH- 
550, RH-700, WS-550, WS-700, AC, and OB was 78%, 
82.4%, 89.5%, 90.4%, 97%, and 88.4%, respectively. 
Among the adsorbents, the time required for SDS 
removal to become negligible varied. For instance, the 
adsorption equilibrium time for RH-550, RH-700, WS- 
550, WS-700, AC, and OB was 30, 60, 60, 120, and 
90 min, respectively. This means that despite AC and 
OB being among the adsorbents with the highest SDS 
removal at equilibrium time, the physicochemical prop-
erties of RH-550, RH-700, WS-550, and WS-700 (e.g. 
surface area) seem to favour the SDS uptake at a faster 
rate than AC and OB.

Various studies have examined how contact time 
affects anionic surfactant adsorption. Kochkodan et al. 
[57] reported an equilibrium adsorption time of 24 h 
for the removal of SDBS using carbon black as the adsor-
bent. Ncibi et al. [58] investigated the adsorption of 
SDBS on As-synthesised multiwalled carbon nanotubes 
and reported an equilibrium adsorption time of 
100 min. A similar equilibrium time of 120 min for 
SDBS adsorption with AC was obtained in Valizadeh 
et al. [59] and the present study. Physical and biological 
adsorption has also been used to remove SDBS, 
however, a long equilibrium time of 250 h has been 
reported [60]. Overall, it can be stated that biochars 
require less time to reach equilibrium than other adsor-
bents reported in the literature. As shown in Figure 5, 
although the maximum SDS removal by the adsorbents 
under study occurred after 120 min, isotherm tests were 
performed for 180 min to ensure that the concentration 
at equilibrium was achieved for all the adsorbents under 
study.

3.6. Effect of initial SDS concentration on SDS 
adsorption

The extent of removal and adsorption capacity depends 
on the initial SDS concentration. This is because mass 
transfer from the bulk to the surface of an adsorbent is 
determined by the concentration of the adsorbate sol-
ution [61]. In this study, the effect of four initial SDS con-
centrations (50, 100, 150, and 200 mg/L) on SDS 
adsorption was studied. Figure 6 depicts the influence 
of the initial SDS concentration on the extent of SDS 
removal. SDS removal was significantly affected by 
both initial concentration and adsorbent type (P <  
0.05). Overall, the SDS removal decreased when the 
initial concentration increased for adsorbents. For 

Figure 5. Effect of contact time on SDS removal. Some error bars 
are smaller than the symbol size.
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instance, at an initial SDS concentration of 50 mg/L, the 
SDS removal was reported above 92% for all adsorbents. 
However, it dropped gradually to 42.9%, 41.4%, 55.6%, 
47.5%, 89.5%, and 43.5% for RH-550, RH-700, WS-550, 
WS-700, AC, and OB, respectively. When compared to 
biochars, there was not much reduction for SDS 
removed by AC. A possible explanation for this is that 
AC has a much higher surface area (1500 - 3000 m2/g) 
than the rest of the adsorbents, which allows the pres-
ence of more active adsorption sites to favour the 
adsorption process [17]. However, Figure 7 shows that 
adsorption capacity increased as the initial concen-
tration increased. Adsorption capacities increased from 
10.54 to 35.74 mg/g, 11.17 to 35.34 mg/g, 11.06 to 
38.90 mg/g, 11.71 to 36.87 mg/g, 12.14 to 47.38 mg/g, 
and 10.94 to 35.88 mg/g for RH-550, RH-700, WS-550, 
WS-700, AC, and OB, respectively. Fig. S3 shows that 
the adsorbents reached their maximum SDS adsorption 
capacities within the first 30 min of the treatment time 
(supplementary information). Increasing the probability 
of collision and increasing the driving force for mass 
transfer may have contributed to high adsorption 
capacity under high initial SDS concentrations [62,63]. 
Several studies have described similar effects of initial 
concentration on adsorption capacity. Bhandari & 
Gogate [49] reported an increase in the adsorption 
capacity from 20 to 75 mg/g when the initial SDS con-
centration increased from 40 to 160 mg/L. A similar 
increase from 56.81 to 74.62 mg/g in the adsorption 
capacity of pinecone biomass was demonstrated for an 
increase in SDS initial concentration from 20 to 70 mg/ 
L [47]. This indicates that biochars can remove SDS 
even when exposed to aqueous solutions containing 
high SDS concentrations (> 150 mg/L). This suggests 
they might hold the potential to treat different types 
of greywater such as shower, laundry, handwashing, 
and kitchen wastewater, which have anionic surfactant 

concentrations in the range of 14.9, 101.4, 41.9, and 
26.5 mg/L, respectively [38].

3.7. Kinetic study

Kinetic studies provide valuable information on the 
adsorption mechanism [49]. An understanding of 
adsorption kinetics is useful for designing large-scale 
adsorption columns and determining the dynamic 
behaviour of adsorption systems [64]. The adsorption 
and accessibility to site adsorption at the solid–liquid 
interface generally occur in the following steps: bulk 
diffusion, external diffusion, intraparticle diffusion, and 
interaction with the surface sites [65]. The most 
common kinetic models, the pseudo-first-order, 
pseudo-second-order, and intraparticle diffusion 
models were used in the study to determine the mech-
anism of adsorption.

3.7.1. Pseudo-first-order model
Lagergren’s kinetic equation, also known as the pseudo- 
first-order equation, was used to fit the data. According 
to the pseudo-first-order model, the rate of adsorption 
site occupation is proportional to the number of unoccu-
pied sites [66]. Generally, if adsorption takes place 
through diffusion through an interface, then it follows 
Lagergren’s pseudo-first-order rate equation [65]. 
Equation (3) provides the linearised mathematical form 
of the model where qe (mg/g) and qt (mg/g) represent 
the amount of SDS adsorbed (mg/g) onto the adsor-
bents at equilibrium and at any time t (min), respectively. 
The parameter k1 is the pseudo-first-order rate constant 
(1/min). For each of the adsorbents under evaluation, a 
plot of ln(qe – qt) versus t was created, and a linear 
regression equation was derived from data fitting to cal-
culate the values of k1 and qe (denoted as qe(cal)) from 
the slope and the intercept, respectively. The determi-
nation coefficient (R2) was calculated to assess the 

Figure 6. Effect of initial SDS concentration on SDS removal. 
Some error bars are smaller than the symbol size.

Figure 7. Effect of initial SDS concentration on adsorption 
capacity (qt). Some error bars are smaller than the symbol size.
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suitability of the kinetic model for the experimental data.

ln (qe − qt) = ln qe − k1t (3) 

Based on the data presented in Fig. S4, the average 
values of R2 were calculated as 0.740, 0.753, 0.826, 
0.850, 0.836, and 0.870 for RH-550, RH-700, WS-550, 
WS-700, AC, and OB, respectively (supplementary infor-
mation). Overall, the low values of R2 indicated that 
the adsorption experimental data for the six adsorbents 
do not fit the pseudo-first-order kinetic model. This is 
further supported by the comparison between the 
experimental and calculated values of qe denoted as 
qe(exp) and qe(cal), respectively (Table 2). A significant 
difference between qe(exp) and qe(cal) for initial SDS con-
centrations of 50, 100, 150, and 200 mg/L can be 
observed for all tested adsorbents. For instance, qe(exp) 

values for RH-500 were 7.70, 17.97, 25.70, and 
35.70 mg/g for initial SDS concentrations of 50, 100, 
150, and 200 mg/L, respectively. The qe(cal) values 
obtained after fitting the data to the pseudo-first-order 
model for similar concentrations were 1.52, 3.68, 0.93, 
and 0.35 mg/g, respectively. Similar trends were 
observed for RH-700, WS-550, WS-700, AC, and OB. 
Overall, based on the principles of the pseudo-first- 
order model, it can be inferred that the SDS mechanism 
does not occur via diffusion through an interface.

3.7.2. Pseudo-second-order model

The pseudo-second-order model assumes that the 
adsorption mechanism is through the process of 

chemisorption where adsorbate molecules (e.g. SDS) 
are chemically bound to active sites located on the 
surface of the adsorbents [59]. The linearised form of 
the pseudo-second-order kinetic model is expressed in 
Equation (4), where qe (mg/g) and qt (mg/g) are the 
amounts of SDS adsorbed (mg/g) onto the adsorbents 
at equilibrium and at any time t (min), and k2 is the 
pseudo-second-order rate constant (g/mg·min). A plot 
of t/qt versus t was created, and a linear regression 
equation was calculated from data fitting to obtain 
values of k2 and qe(cal) from the slope and the intercept, 
respectively. Similar to Section 3.7.1, the values of R2 

were calculated to determine the suitability of the 
kinetic model for the experimental data.

t/qt = 1/k2q2
e + (1/qe)t (4) 

Fig. S5 depicts the pseudo-second-order kinetic plots 
for the used adsorbents along with the corresponding R2 

values (supplementary information). In contrast to the 
pseudo-first-order model, the average value of R2 was 
much closer to 1 for most adsorbents. For example, 
average R2 values of 0.998, 0.999, 0.999, 0.999, 1, and 
0.984 were reported for RH-550, RH-700, WS-550, WS- 
700, AC, and OB, respectively. Additionally, as can be 
seen from Table 3, the values of qe(exp) and qe(cal) for 
the initial concentrations of 50, 100, 150, and 200 mg/L 
are closer to each other for all used adsorbents. For 
instance, qe(cal) values for RH-550 were 8.08, 18.24, 
25.77, and 35.71 mg/g for initial concentrations of 50, 
100, 150, and 200 mg/L, respectively. According to the 
obtained pseudo-second-order model, the qe(exp) 

Table 2. Kinetic parameters for the pseudo-first-order model.

Adsorbent Parameter

C0 (mg/L)

50 100 150 200

RH-550 qe(exp) (mg/g) 7.70 17.97 25.70 35.70
qe(cal) (mg/g) 1.52 3.68 0.93 0.35
k1 (1/min) 0.0002 0.0002 0.0001 0.0001
R2 0.736 0.903 0.486 0.769

RH-700 qe(exp) (mg/g) 11.38 18.15 25.26 35.41
qe(cal) (mg/g) 0.87 1.76 1.27 0.37
k1 (1/min) 0.0002 0.0002 0.0001 0.0002
R2 0.777 0.716 0.661 0.858

WS-550 qe(exp) (mg/g) 11.17 19.80 30.12 39.21
qe(cal) (mg/g) 0.13 0.59 1.22 0.95
k1 (1/min) 0.0001 0.0002 0.0002 0.0002
R2 0.913 0.625 0.912 0.855

WS-700 qe(exp) (mg/g) 11.06 21.45 27.66 38.21
qe(cal) (mg/g) 0.47 8.00 1.70 0.40
k1 (1/min) 0.0001 0.0002 0.0002 0.0001
R2 0.704 0.971 0.881 0.847

AC qe(exp) (mg/g) 11.47 23.23 34.31 46.00
qe(cal) (mg/g) 0.14 0.25 0.27 0.16
k1 (1/min) 0.0001 0.0001 0.0001 0.0001
R2 0.856 0.864 0.945 0.681

OB qe(exp) (mg/g) 10.49 21.43 26.86 35.64
qe(cal) (mg/g) 7.21 1.71 2.48 1.15
k1 (1/min) 0.0002 0.0002 0.0002 0.0002
R2 0.882 0.764 0.967 0.871

Table 3. Kinetic parameters for the pseudo-second-order model.

Adsorbent Parameter

C0 (mg/L)

50 100 150 200

RH-550 qe(exp)(mg/g) 7.70 17.97 25.70 35.70
qe(cal)(mg/g) 8.08 18.24 25.77 35.71
k2 (g/mg·min) 0.0171 0.0216 0.0660 0.245
R2 0.994 0.999 1 1

RH-700 qe(exp)(mg/g) 11.38 18.15 25.26 35.41
qe(cal)(mg/g) 11.61 18.38 25.25 35.46
k2 (g/mg·min) 0.0293 0.0269 0.0550 0.2410
R2 0.997 0.999 0.999 1

WS-550 qe(exp)(mg/g) 11.17 19.80 30.12 39.21
qe(cal)(mg/g) 11.20 19.92 30.21 39.22
k2 (g/mg·min) 0.1704 0.0579 0.0788 0.0844
R2 1 0.999 1 1

WS-700 qe(exp)(mg/g) 11.06 21.45 27.66 38.21
qe(cal)(mg/g) 11.05 21.98 27.70 38.17
k2 (g/mg·min) 0.1587 0.0120 0.0654 0.2288
R2 1 0.999 1 1

AC qe(exp)(mg/g) 11.47 23.23 34.31 46.00
qe(cal)(mg/g) 11.47 23.26 34.25 46.08
k2 (g/mg·min) 0.5940 0.3243 0.2508 0.4709
R2 1 1 1 1

OB qe(exp)(mg/g) 10.49 21.43 26.86 35.64
qe(cal)(mg/g) 12.48 21.69 26.95 35.71
k2 (g/mg·min) 0.0030 0.0271 0.0470 0.0808
R2 0.934 0.999 1 1
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values for the same concentrations were reported as 
7.70, 17.97, 25.70, and 35.70 mg/g. The close agreement 
between qe(exp) and qe(cal) and the proximity of R2 to 1 
indicated that the pseudo-second-order kinetic model 
provided a better fit to the data than the pseudo-first- 
order kinetic model. This means that the SDS adsorption 
mechanism is predominantly via the process of chemi-
sorption between adsorbate molecules (SDS) and 
specific adsorption sites on the adsorbent surface. This 
supports the explanation in Section 3.2, suggesting 
that hydrophobic interaction between SDS molecules 
and hydrophobic active sites on the adsorbent surface 
is potentially responsible for SDS removal [45,46]. From 
Table 3, it can also be observed that k2 decreased as 
the initial concentration increased, particularly for adsor-
bents RH-550, RH-700, WS-700, and AC. It has been 
suggested that an increase in concentration increases 
competition between SDS molecules for available 
adsorption sites, as there is a finite number of active 
sites [49].

3.7.3. Intraparticle diffusion model
Weber and Morris’s equation, also referred to as the 
intraparticle diffusion (IPD) model, is extensively utilised 
for describing diffusion-controlled adsorption processes. 
The linearised form of the model, represented by 
Equation (5), features qt (mg/g) as the amount of SDS 
adsorbed (mg/g) onto the adsorbents at any time t 
(min), ki as the intraparticle diffusion rate constant (g/ 
mg min), and the intercept C as the boundary layer 
effect or surface adsorption [67]. A plot of qt against 
t0.5 was created for each investigated adsorbent, and a 
linear regression equation was derived through data 
fitting to determine the values of ki and C. The determi-
nation coefficient (R2) was calculated to assess the 

suitability of the kinetic model for the experimental data.

qt = kit0.5 + C (5) 

Fig. S6 illustrates the IPD kinetic plots alongside the 
R2 values (supplementary information). Upon analysing 
the kinetic data using the IPD model, it was observed 
that the plot did not intersect the origin, indicating 
that IPD alone was not the sole rate-limiting step. This 
is consistent with the average R2 values for each of the 
tested materials, which were not close to 1. Specifically, 
average R2 values of 0.678, 0.493, 0.475, 0.646, 0.633, and 
0.638 were found for RH-550, RH-700, WS-550, WS-700, 
AC, and OB, respectively. Furthermore, the intercept 
values (C ), representing the impact of surface adsorp-
tion, increased with the rising concentration of the 
SDS solution, indicating an increase in the thickness of 
the boundary and a reduction in the likelihood of exter-
nal mass transfer (Table 4). Higher intercept values, C, 
indicated a greater contribution of surface adsorption 
to the rate-limiting step [68]. This supports the 
findings of the pseudo-second-order model, suggesting 
that the SDS adsorption occurred when SDS molecules 
were bound to specific adsorption sites on the adsor-
bent surface.

3.8. Adsorption isotherms

Adsorption isotherms establish the relationship between 
the amount of adsorbate adsorbed by a unit weight of 
adsorbent and the concentration of adsorbate in the 
liquid phase at equilibrium and constant temperature 
[69]. Adsorption isotherms are useful for determining 
the nature of the adsorption process between an adsor-
bate and an adsorbent, such as monolayer chemical 
adsorption, multilayer physical adsorption, and ion 
exchange [70]. Furthermore, adsorption isotherm 
models provide information about adsorbent perform-
ance, such as maximum adsorption capacity [70]. 
Several isotherm models are commonly applied in 
adsorption systems, namely, the Langmuir model 
[71,72], the Freundlich model [73], the Sips model [74], 
the Temkin model [75], and the Brunauer–Emmett– 
Teller model [76]. In this study, the experimental 
results were interpreted according to Freundlich, Lang-
muir, and Temkin adsorption isotherms. The experimen-
tal results were primarily interpreted based on the first 
two models for comparative purposes with the existing 
literature on SDS adsorption (Table 5).

3.8.1. Langmuir isotherm model
The Langmuir isotherm assumes a fixed number of 
homogeneous active sites on the surface of any 

Table 4. Kinetic parameters for the intraparticle diffusion model.

Adsorbent Parameter

C0 (mg/L)

50 100 150 200

RH-550 C 3.90 13.49 22.92 35.20
ki (g/mg·min0.5) 0.3472 0.3942 0.2487 0.0390

R2 0.481 0.833 0.688 0.710
RH-700 C 7.57 12.93 24.45 34.61

ki (g/mg·min0.5) 0.3535 0.4753 0.0529 0.0729
R2 0.362 0.656 0.538 0.415

WS-550 C 10.01 16.36 28.24 36.79
ki (g/mg·min0.5) 0.1057 0.3195 0.1691 0.2222

R2 0.376 0.414 0.690 0.420
WS-700 C 10.28 13.70 25.61 37.47

ki (g/mg·min0.5) 0.0645 0.6880 0.1804 0.0665
R2 0.430 0.783 0.707 0.665

AC C 11.25 22.87 34.05 45.57
ki (g/mg·min0.5) 0.0187 0.0306 0.0189 0.0382

R2 0.604 0.572 0.943 0.414
OB C 2.63 15.64 23.82 34.76

ki (g/mg·min0.5) 0.7023 0.5334 0.2730 0.0711
R2 0.672 0.520 0.614 0.744
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adsorbent material, and saturation of these active sites 
prevents adsorbate adsorption. According to this 
model, the adsorption of adsorbate occurs until a mono-
layer of adsorption has been completed without further 
interaction between the adsorbent and adsorbate mol-
ecules [70,77]. The linearised form of the model can be 
expressed in Equation (5), where Ce (mg/L) is the equili-
brium concentration, qe (mg/g) is the amount of SDS 
adsorbed at equilibrium, qmax is the maximum adsorp-
tion capacity (mg/g), and KL is the equilibrium Langmuir 
constant. Based on the slope (1/qmax) and intercept (1/ 
(qmaxKL)) for the linear fitting of the plot of Ce/qe 

versus Ce, the model parameters qmax and KL were eval-
uated. Values of R2 were calculated to determine the 
suitability of the isotherm model for the experimental 
data.

Ce/qe = (1/qmax)Ce + 1/qmaxKL (5) 

Figure 8a shows the plot of the Langmuir isotherm 
model for each of the adsorbents evaluated in this 
study. Based on the plot, model parameters are shown 
in Table 5. The average R2 values of 0.607, 0.761, 0.735, 
0.925, 0.963, and 0.955 were reported for RH-550, RH- 
700, WS-550, WS-700, AC, and OB, respectively. Overall, 
the experimental data on SDS adsorption using the 
adsorbents RH-550, RH-700, and WS-550 (R2 value <  
0.90) did not fit the Langmuir model, unlike WS-700, 
AC, and OB. In the literature, the use of the Langmuir 
model to fit experimental data on the adsorption of 
anionic surfactants (e.g. SDS and SDBS) has also been 
reported when using carbon black [78], activated 
coconut shell [49], chitosan hydrogel beads [79], and 
almond shell activated carbon [60] (Table 5). Addition-
ally, according to Table 5, an increase in the initial con-
centration (mg/L) led to an increase in the SDS 
equilibrium adsorption capacity. This can be explained 
because higher loadings result in a greater driving 
force [49,56].

3.8.2. Freundlich isotherm model
According to the Freundlich isotherm theory, adsorbate 
binds to heterogeneous surfaces with different types of 
sites acting simultaneously, each with its free energy of 
sorption [80]. Thus, in contrast to the Langmuir isotherm, 
this model can be used to analyse multilayer adsorption 
on heterogeneous sites. The linear form of the Freun-
dlich isotherm is expressed in Equation (6), where qe 

(mg/g) is the amount of SDS adsorbed at equilibrium, 
KF (mg/g) is the adsorption capacity, n is a constant 
representing affinity and favourability of adsorption, 
and Ce (mg/L) is the equilibrium concentration. The 
values of KF and n were estimated from the slope and 
intercept, respectively, of a plot of lnqe against lnCe. R2 

values were calculated to determine the suitability of 
the isotherm model.

ln qe = ln KF + (1/n) ln Ce (6) 

Figure 8b shows the Freundlich isotherm model for 
each of the adsorbents evaluated in this study. Freun-
dlich model parameters are described in Table 5. The 
average R2 values for RH-550, RH-700, WS-550, WS- 
700, AC, and OB were 0.879, 0.903, 0.919, 0.978, 
0.959, and 0.953, respectively. Unlike the Langmuir 
model, the experimental data on SDS adsorption 
using the adsorbents RH-700, WS-550, and WS-700 
fitted better to the Freundlich. In the case of adsor-
bents AC and OB, the R2 values are similar for both 
Langmuir and Freundlich models, suggesting that 
experimental data on SDS adsorption using both 
adsorbents well-fitted with both isotherm models. 
Experimental data concerning anionic surfactant 
adsorption in the literature has also been found to 
fit the Freundlich isotherm model (Table 5). For 
instance, Purakayastha et al. [40] demonstrated that 
the Freundlich model provided a better data fit for 
SDS adsorption with waste rubber granules, wood 
charcoal, and silica gel. A similar isotherm model 
fitting was reported by Kyzas et al. [81] and Sen 
et al. [47] when using akaganeite and pine cone 
biomass, respectively. Concerning the favourability of 
the adsorption process, Huang et al. [82] stated that 
the adsorption process is favourable, moderately 
difficult, and poor for n values of 2 - 10, 1 - 2, and 
less than 1, respectively. Based on the results obtained, 
it appears the adsorption process was favourable for 
RH-700, WS-700, and AC; while moderately difficult 
for the rest of the adsorbents (Table 5).

3.8.3. Temkin isotherm model
The Temkin isotherm model postulates that the 
adsorption heat of all molecules decreases linearly 

Table 5. Parameters for the Langmuir, Freundlich and Temkin 
isotherms models.

Adsorbent

RH-550 RH-700 WS-550 WS-700 AC OB

Langmuir
qmax (mg/g) 49.75 43.67 66.23 42.74 80.65 45.87
KL (L/mg) 0.02 0.04 0.03 0.07 0.13 0.05
R2 0.607 0.761 0.735 0.925 0.963 0.955
Freundlich
KF (mg/g) 3.27 5.09 3.67 7.22 10.63 4.75
n 1.86 2.31 1.59 2.56 1.51 2.01
R2 0.879 0.903 0.919 0.978 0.959 0.953
Temkin
KT (L/g) 0.30 0.56 0.36 1.09 1.42 0.47
b (J/mol) 10.22 8.49 13.49 8.15 17.26 10.30
R2 0.739 0.783 0.867 0.902 0.994 0.958
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with the increase in the coverage of the adsorbent 
surface. The linear form of the Temkin isotherm can 
be represented in Equation (7), where KT (L/mg) is 
the Temkin isotherm constant, b (J/mol) is the 
Temkin constant associated with the heat of sorption, 
R is the universal gas constant (8.314 J/mol·K), and T 
is the temperature (K). Positive and negative values 
of b indicate that the adsorption process is exothermic 
and endothermic, respectively [83]. The values of KT 

and b were estimated from the intercept and slope, 
respectively, of a plot of qe (mg/g) against lnCe. R2 

values were calculated to determine the suitability of 
the isotherm model. The Temkin constant, b (J/mol), 
was 10.22, 8.49, 13.49, 8.15, 17.26, and 10.30 J/mol 
for RH-550, RH-700, WS-550, WS-700, AC, and OB, 
respectively (Table 5). This suggested that the SDS 
adsorption process was exothermic. Such behaviour 
occurs because, upon adsorption of the adsorbate 
(SDS molecules) onto the surface of the adsorbents, 
there is a reduction in the energy of the adsorbent, 
resulting in the release of heat [84]. Moreover, the 
Temkin isotherm achieved a good fit for the SDS 
adsorption data with R2 values above 0.9 only for 
WS-700 (0.902), AC (0.994), and OB (0.958).

qe = (Rt/b)lnKT + (Rt/b)lnCe (7) 

3.9. Possible SDS removal mechanism

According to Kalam et al. [85], surfactant adsorption iso-
therms exhibit the Somasundaran-Fuerstenau shape 
and are consequently divided into four regions. In 
Region I, adsorption occurs due to the electrostatic 
attraction between the charged surface and surfactant 
ions. In Region II, electrostatic interactions and lateral 
hydrophobic interactions between hydrocarbon chains 
(hydrophobic tail) result in surfactant aggregates 
forming hemimicelles and admicelles. In Region III, sur-
factant adsorption neutralises the adsorbent surface, 
causing the adsorption driving force to shift to lateral 
hydrophobic interactions. In Region IV, the plateau 
region of surfactant adsorption occurs, and lateral 
hydrophobic interactions become the primary driving 
force, leading to the formation of surfactant aggregates 
in the shape of micelles (Figure 9). In this study, the 
dominant mechanism responsible for SDS adsorption 
appears to be the electrostatic attraction between the 
hydrophilic head of the surfactant and the negatively 
charged biochar surface, along with the hydrophobic 
interactions between the hydrophobic tails of surfactant 
molecules. Additionally, the presence of hydrophobic 
sites on the biochar surface, it is believed that the hydro-
phobic tails of surfactant molecules are forced to associ-
ate with the biochar hydrophobic surfaces by entropic 

Figure 8. Adsorption isotherms plots: A) Langmuir isotherm; B) Freundlich isotherm; C) Temkin isotherm.
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and enthalpic favourability [87]. Figure 9 illustrates the 
common surfactant adsorption isotherm and a hypothe-
tical adsorption mechanism on the biochar surface.

The surface chemistry of the adsorbents under study 
also provided insights into the possible SDS removal 
mechanisms. Figure 10 shows the FTIR spectra of the 

biochar adsorbent and AC materials before and after 
SDS adsorption. Prior to SDS adsorption, the adsorbents 
exhibited oxygen-containing functional groups, crucial 
in the removal of anionic surfactants [31]. For instance, 
the adsorbent materials showed hydroxyl (–O-H) stretch-
ing vibrations groups and carbonyl (C = O) stretching of 

Figure 9. Scheme of common surfactant adsorption isotherm (A). Surfactant adsorption mechanism (B). Adapted from Kalam et al. 
[85] and Inyang & Dickenson [86].
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carboxylic, ester, ketone and aldehyde groups at a wave-
number of ∼3670 cm−1 and 1670–1870cm−1, respect-
ively, for most of the adsorbent materials. After SDS 
adsorption, changes in the absorption intensity were 
observed in the FTIR spectra of the adsorbent materials. 
Specifically, a reduction in absorption intensity for carbo-
nyl (C = O) stretching vibrations was observed for WS-550 
(Figure 10), suggesting a possible interaction between 
SDS and carboxylic groups [33]. The FTIR spectra also 
revealed shifts in functional groups for some adsorbent 
materials after SDS adsorption. For instance, the absorp-
tion band of -O-H, C–H, C = O, and C = C functional groups 
shifted, indicating a change in electron distribution in the 
molecular bond [88]. New absorption bands correspond-
ing to S-containing functional groups were also identified 
in the FTIR spectra of the adsorbents after SDS adsorp-
tion. Peaks at 1338 cm−1, 1312 cm−1, 1192–1132 cm−1, 
and 1049 cm−1 demonstrated the presence of sulphate, 
sulfoxide, sulfonate, and sulfone, respectively. The pres-
ence of sulphate on the adsorbent surface supports the 
theory of the SDS removal mechanism initially driven 
by the electrostatic interaction between the hydrophilic 
head of SDS (positively charged) and the adsorbent 
surface (negatively charged), as sulphate is a key com-
ponent of the hydrophilic head of SDS. The presence of 
sulphate on the adsorbent surface after the SDS adsorp-
tion process indicates SDS uptake. Additionally, oxygen- 

containing functional groups on the adsorbent surface 
might react with the sulphate molecule of SDS, leading 
to the formation of S-containing functional groups such 
as sulfoxide, sulfonate, and sulfone. Overall, the differ-
ences in the FTIR spectrum before and after SDS adsorp-
tion demonstrated the capacity of biochar adsorbents to 
uptake SDS from an aqueous solution.

3.10. Comparison of SDS adsorption capacity by 
various adsorbents

The maximum adsorption capacity for each adsorbent is 
also shown in Table 6. As expected, AC has the highest 
maximum adsorption capacity (80.65 mg/g), followed 
by WS-550 (66.23 mg/g), RH-550 (49.75 mg/g), OB 
(45.87 mg/g), RH-700 (43.67 mg/g), and WS-700 (mg/g). 
In Table 6, the adsorption capacities of different reported 
adsorbents for SDS are compared with the results from 
this study. Overall, biochars demonstrated higher adsorp-
tion capacities than adsorbents such as paper fibre [78], 
silica gel, wood charcoal, and waste rubber granules 
[40]. Among the biochar adsorbents, the highest 
maximum adsorption capacity was reported for WS-550 
(66.23 mg/g). This maximum adsorption capacity is 
similar to studies using fish scale, seashell [48], carbon 
black [78], and Aquaguard waste activated carbon [53]. 
Nevertheless, when compared to other adsorbents such 

Figure 10. FTIR spectra of adsorbent materials before and after SDS adsorption.
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as akaganeite [81], almond shell activated carbon [60], 
multiwalled carbon nanotubes [58], activated carbon 
with bacteria [90], and carbide-derived carbon [57], the 
maximum adsorption capacity for each biochar was 
found to be lower. This can be explained by the fact 
that used biochars have a much smaller total surface 
area than the last-mentioned adsorbents. For instance, 
the average surface area for RH-550, RH-700, WS-550, 
and WS-700, was 20.10, 42, 26.40, and 23.20 m2/g, 
respectively; whereas the surface area of akaganeite, 
almond shell activated carbon, carbon nanotubes, acti-
vated carbon with bacteria, and carbide-derived carbon 
was 330, 1600, 233, 1400, and 1120 m2/g, respectively. 
Thus, as adsorption is proportional to the surface area, 
adsorbents with a high surface area have more adsorp-
tion sites, resulting in a higher adsorption capacity [17]. 
It is worth mentioning that there are not many studies 
evaluating the use of biochar to remove anionic surfac-
tants. Despite this, overall biochars appear to offer excel-
lent potential for removing SDS.

3.11. Potential application

This study assessed the efficacy of biochar adsorbents in 
removing the anionic surfactant SDS from an aqueous 

solution, comparing their performance to conventional 
AC. The findings highlight the potential of biochar, 
derived from the pyrolysis of agricultural and forestry 
waste, to be a cost-effective and bio-based adsorbent 
for the removal of anionic surfactant in real wastewater. 
As a type of wastewater, greywater from hand basins, 
bath/showers, kitchens, and laundry, typically contains 
high concentrations of anionic surfactants. For instance, 
Shreya et al. [11] reported anionic surfactant concen-
trations of 42 - 118.3, 14.9–61, 59 and 41.9 mg/L in 
laundry, shower, kitchen, and washbasin greywater, 
respectively. In light of the pressing need for affordable 
and sustainable greywater treatment methods, especially 
in resource-poor environments, utilising biochar as a filter 
medium in technologies targeting anionic surfactant 
removal presents an effective strategy to enhance grey-
water quality for various water reuse purposes (e.g. clean-
ing, toilet flushing, and crop irrigation) [12,13]. Biochar 
could serve as an alternative adsorbent material to AC 
or sand in standard column filtration systems for grey-
water treatment. Moreover, employing biochar derived 
from biomass waste facilitates the adoption of biochar- 
based greywater treatment technologies in low- and 
middle-income countries with abundant agricultural 
(e.g. rice husk and wheat straw) and forestry waste (e.g. 

Table 6. Comparison of SDS adsorption by various adsorbents.
Anionic 
surfactant Adsorbent

Surface area 
(m2/g) Isotherm

Studied 
concentration (mg/L)

Maximum adsorption 
capacity (mg/g) Reference

SDS RH-550 20.10 Freundlich 50–200 49.75 This study
SDS RH-700 42 Freundlich 50–200 43.67 This study
SDS WS-550 26.40 Freundlich 50–200 66.23 This study
SDS WS-700 23.20 Freundlich 50–200 42.74 This study
SDS AC 1500–3000 FreundlichLangmuir 50–200 80.65 This study
SDS OB 300 Freundlich 

Langmuir
50–200 45.87 This study

SDS Fishscale – – 100 51.55 [48]
SDS Seashell – – 100 49.80 [48]
SDS Akaganeite 330 Freundlich 

Langmuir
– 823.96 [81]

SDS Paper fiber 1.5 Langmuir – 0.30 [78]
SDS Carbon black 96 Langmuir – 55.68 [78]
SDS Activated coconut shell 674 Langmuir 80–280 111.1 [49]
SDS Chitosan hydrogel beads – Langmuir 10–60 76.9 [79]
SDS Aquaguard waste activated carbon 1250 Langmuir 15 61.35 [53]
SDS Granular activated carbon – Freundlich 

Langmuir
2 3.75 [40]

SDS Waste tyre rubber granule 0.45–0.78 Freundlich 
Langmuir

2 4.16 [40]

SDS Wood charcoal – Freundlich 2 5.17 [40]
SDS Silica gel – Freundlich 2.0 5.18 [40]
SDS Pinecone biomass 0.213 Freundlich 

Langmuir
10–80 95.75 [47]

SDS Standard activated carbon – Langmuir – 117.2 [89]
SDS Ammonium chloride-induced 

pomegranate wood waste
– Langmuir – 178.6 [89]

SDBS Carbon black 105 – 3.8–768.9 175 [57]
SDBS Carbide derived carbon 1120 Sips 139.4–697 442 [57]
SDBS MultiWalled Carbon Nanotubes 233 Brouers-Sotolongo 5–150 313 [58]
SDBS Activated carbon 1201 Redlich-Peterson 10–125 146 [59]
SDBS Activated carbon with bacteria 1400 – 250 158 [90]
SDBS Almond shell activated carbon 1600 Langmuir 250 468.8 [60]
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wood residues). For instance, biochar can be integrated 
into nature-based solutions such as constructed wet-
lands, green walls, vertical gardens, and green roofs, 
which are commonly low-cost and sustainable greywater 
treatment techniques in developing countries [19]. 
Therefore, employing biochar as an adsorbent material 
for greywater treatment, specifically targeting anionic 
surfactant removal, can be viewed as a synergistic strat-
egy promoting the circular economy in both the waste-
water and agricultural and forestry waste sectors [16].

3.12. Future research

This study focused on examining the SDS removal poten-
tial of five types of biochar and determining the oper-
ational conditions (pH, adsorbent loading, adsorbent 
size, contact time, and initial concentration) to optimise 
SDS removal at room temperature. Thus, the findings of 
SDS removal in our study are limited to this temperature 
condition. Further research is still necessary to improve 
the efficiency of the SDS removal process to allow 
scaling-up initiatives. Future studies should focus on iden-
tifying the optimum pre-treatment processes to increase 
the surface area of biochars, aiming to enhance the 
adsorption capacity to a level comparable to commercial 
adsorbent products. Furthermore, a comprehensive 
study of the SDS removal mechanism should be con-
ducted to identify possible modifications to the biochar 
surface that enhance its ability to bind SDS. Additionally, 
further investigations should evaluate the use of biochar- 
based filtration systems to remove anionic surfactants 
from real greywater (e.g. wastewater from handwashing, 
laundry, kitchen, and bathroom activities). This can help 
understand the effect of the greywater matrix on the 
SDS removal efficiency and gain insights into the efficacy 
of biochar-based filtration systems as a decentralised grey-
water treatment process. Furthermore, upcoming studies 
should conduct a thorough investigation into the regener-
ation of wheat straw biochar produced at 550°C (WS-550), 
which demonstrated the highest SDS adsorption capacity 
(66.2 mg/g) when compared to other biochars examined. 
Also, further research is needed to focus on understanding 
leachability of potential contaminants (e.g. heavy metals), 
that might be present in biochars. Additional research is 
required to explore various regeneration techniques (e.g. 
thermal, chemical) for used biochars, aiming to potential 
reuse biochars for sustainable wastewater treatment.

4. Conclusion

This study demonstrated that biochar derived from agri-
cultural and forestry residues is an effective adsorbent for 
anionic surfactants in aqueous solutions. Various 

operational factors, including pH, adsorbent loading, 
adsorbent size, contact time, and initial concentration, 
were found to influence SDS removal. The removal of 
SDS at different pH levels was similar for biochars, indicat-
ing that hydrophobic interactions are the main cause of 
adsorption. Increased dosages of adsorbent also 
increased SDS uptake; however, dosages exceeding 6 g/ 
L result in decreased adsorption. The increased particle 
size of the adsorbent reduced the surface area, thereby 
decreasing SDS removal. Biochars demonstrated the 
ability to adsorb half of the SDS within 10 min, suggesting 
a large number of adsorption sites on the surface. SDS 
removal decreased as the initial concentration increased, 
except for AC, suggesting that surface area is the major 
limiting factor. Under optimised operating conditions, 
the maximum extent of removal was 78%, 82.4%, 
89.5%, 90.4%, 97%, and 88.4% for adsorbents RH-550, 
RH-700, WS-550, WS-700, AC, and OB, respectively. The 
maximum adsorption capacity was reported in the 
range of 42.7 - 66.2 and 80.6 mg/g for biochars and AC, 
respectively. WS-550 achieved an adsorption capacity 
comparable to carbon black and commercial Aquaguard 
waste-activated carbon, offering a sustainable and low- 
cost alternative to those materials. SDS adsorption 
appears to be the primary chemisorption process, as indi-
cated by the kinetic data fitting well into the pseudo- 
second-order kinetic model. The Freundlich isotherm 
model exhibited a better fit for the experimental data 
on SDS adsorption using all tested adsorbents except 
for RH-550. However, both the Langmuir and Freundlich 
models demonstrated a better fit for the experimental 
data on SDS adsorption using WS-700, AC, and OB. 
Overall biochars are promising adsorbents with a high 
potential for removing SDS from aqueous solutions.
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