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Research Paper 
Rapid and efficient adsorption of methylene blue dye from aqueous solution 
by hierarchically porous, activated starbons®: Mechanism and 
porosity dependence 
Han Li , Vitaliy L. Budarin , James H. Clark , Michael North *, Xiao Wu 
Green Chemistry Centre of Excellence, Department of Chemistry, University of York, York Y10 5DD, UK   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Methylene blue adsorption from 
aqueous solution onto biomass derived 
carbon. 

• Starch derived hierarchically porous 
carbon adsorbent (Starbon). 

• Rapid adsorption which is reversible by 
pH swing allowing the Starbon to be 
reused. 

• Adsorption capacity correlates to the 
BET surface area of the Starbon 
material. 

• Adsorption capacity correlates to the 
micropore volume of the Starbon 
material.  

A R T I C L E  I N F O   

Editor: Arturo Hernandez-Maldonado  
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A B S T R A C T   

Hierarchically porous activated Starbons® derived from starch are found to make excellent adsorbents for 
methylene blue, even in the presence of other dyes and inorganic salts, highlighting their potential to be used in 
water purification. The optimal material (S950C90) has a methylene blue adsorption capacity (891 mg g-1) 
almost nine times higher than that of unactivated S800 and four times higher than that of commercial activated 
carbon at 298 K. The adsorption of methylene blue onto optimal materials (S950C90 and S800K4) reaches 
equilibrium within 5 min. Adsorption data for all the adsorbents show a good fit to the Freundlich isotherm 
which allows the Gibbs free energies of adsorption to be calculated. The adsorption capacities increase as the pH 
of the methylene blue solution increases, allowing the dye to be desorbed by treatment with acidic ethanol and 
the Starbon® materials reused. Porosimetry and SEM-EDX imaging indicate that methylene blue adsorbs 
throughout the surface and completely fills all the micropores in the Starbon® adsorbent. The methylene blue 
adsorption capacities show excellent correlations with both the BET surface areas and the micropore volumes of 
the materials.   

1. Statement of Environmental Implication 

Methylene blue (MB) is toxic; environmentally persistent; non- 

biodegradable and stable to light, heat, water and oxidation. It is also 
the most widely used basic and cationic dye. Hence, release of MB into 
watercourses poses a significant hazard to aquatic life and to animals 

* Corresponidng author. 
E-mail address: michael.north@york.ac.uk (M. North).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 
journal homepage: www.elsevier.com/locate/jhazmat 

https://doi.org/10.1016/j.jhazmat.2022.129174 
Received 5 March 2022; Received in revised form 27 April 2022; Accepted 15 May 2022   

mailto:michael.north@york.ac.uk
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2022.129174
https://doi.org/10.1016/j.jhazmat.2022.129174
https://doi.org/10.1016/j.jhazmat.2022.129174
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2022.129174&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Hazardous Materials 436 (2022) 129174

2

further up the food chain including humans. MB is also a widely used 
model for other hazardous organic contaminants in water. Herein we 
show that starch derived, hierarchically porous carbons (activated 
Starbons®) have excellent adsorbent properties (high capacity, rapid 
rate of adsorption and dye release by pH-swing) for MB, making them 
applicable for purification of contaminated water. 

2. Introduction 

Dyes and pigments are widely used in areas including: leather tan-
ning; printing; and production of textiles, paper, rubber, plastics, food 
and cosmetics (Sokolowska-Gajda et al., 1996; Kabdasli et al., 1999; 
Wrobel et al., 2001; Bhatnagar and Jain, 2005; Bensalah et al., 2009). 
Annual production of dyes and pigments is over 700,000 tonnes, of 
which 2–15% is lost in the effluent during a dyeing process (Robinson 
et al., 2001; Lee et al., 2006; Tan et al., 2007; Muhammad and 
Muhammad, 2007). Dyeing has a visible effect on water quality as water 
colouration occurs at dye concentrations below 1 ppm (Banat et al., 
1996; Al-Degs et al., 2000; Wong et al., 2004; Forgacs et al., 2004). 
Many synthetic dyes are toxic, environmentally persistent and 
non-biodegradable (Dogan et al., 2007). Hence, the release of dye con-
taining waste streams into watercourses can pose a significant hazard to 
aquatic life and to animals further up the food chain including humans 
(Walsh and Bahner, 1980; Ramakrishna and Viraraghavan, 1997; 
O’Neill et al., 1999; Bhattacharyya and Sharma, 2004). Dyes tend to be 
stable to light, heat, water and oxidation, making treatment of 
contaminated waste streams a significant challenge (Sun and Yang, 
2003; Golob and Ojstrsek, 2005; Singh and Arora, 2011). 

Various techniques have been explored to remove dyes from waste-
water (Manohara et al., 2021) including biological (Ali, 2010) or 
chemical (Katheresan et al., 2018) treatments and physical processes 
(Singh et al., 2018). Biological methods include bioremediation of dyes 
by microorganisms such as algae, bacteria or fungi, or by isolated en-
zymes and can be based on aerobic or anaerobic processes. These 
methods are inexpensive and non-toxic, but the growth of the micro-
organism needs a suitable environment (Singh et al., 2022). Chemical 
methods include oxidation process (such as Fenton reactions and ozo-
nolysis), chemisorption and electrochemical destruction. These methods 
are often more efficient than biological processes, but they require 
specific equipment and chemical reagents and generate toxic secondary 
pollutions (Katheresan et al., 2018; Saravanan et al., 2021). Physical 
methods including physisorption, screening, coagulation, ion exchange, 
irradiation and membrane-based technologies are usually used before 
the other two methods due to their simplicity. They require the least 
amount of additional chemicals, are easily regenerated and have high 
dye removal efficiency (Ahmed et al., 2021). Physical adsorption 
(physisorption) and chemical adsorption (chemisorption) can be 
distinguished based on the interaction energy between the adsorbent 
and the adsorbed species. Physisorption is characterised by weak van 
der Waals, dipole–dipole, polare interactions, or hydrogen bonding be-
tween the adsorbent and adsorbate and thus is usually reversible and 
nonselective. In contrast, chemisorption occurs via formation of strong 
bonds (ionic or covalent), which is usually irreversible and selective 
(Mashkoor and Nasar, 2020). 

Amongst these techniques, adsorption (especially physisorption) is 
preferred due to its ease of operation, low energy requirement, insen-
sitivity to toxic pollutants and high efficiency (Yagub et al., 2014). It has 
the ability to remove almost any type of dye without the production of 
secondary pollutants (Kyzas and Matis, 2015; De Gisi et al., 2016; 
Ngulube et al., 2017). Many adsorbents including zeolites (Rad and 
Anbia, 2021), silica-based materials (Alam et al., 2021), metal–organic 
frameworks (Gao et al., 2019), polymeric materials (Subhan et al., 
2022), clay-organic composites (Ozola-Davidane et al., 2021) and car-
bons (activated carbon, biochar, graphitic carbon, carbon xerogels, 
carbon nanoparticles) (Santoso et al., 2020) have been extensively 
investigated for dye adsorption. Most of these adsorbents can remove 

pollutants from water, but suffer from drawbacks including low effi-
ciency, high cost and poor reusability. (Saxena et al., 2020; Santoso 
et al., 2020). 

In addition to the above requirements, a potential adsorbent for the 
removal of dyes from wastewater should also be economically viable 
and readily available (Katheresan et al., 2018). Commercial activated 
carbons, derived from coal, have been used as adsorbents for the treat-
ment of dye waste in the textiles industry due to their large surface areas, 
microporous structure, thermal stability and low acid/base reactivity. 
However, high costs limit their large scale use (Yagub et al., 2014; 
Montoya-Suarez et al., 2016; Tan et al., 2017). Hence, a wide variety of 
low-cost materials including natural resources (e.g. wood, bark, clays, 
zeolites), agricultural wastes (e.g. sawdust, leaves, fibers, fruits peels, 
seeds), industrial by-products (e.g. sludge, fly ash, red mud), biomass (e. 
g. chitin, seaweed, fungi, yeast, algal waste, cellulosic materials, chito-
san) and biomass derived activated carbons have been explored for this 
application (Rafatullah et al., 2010; Srinivasan and Viraraghavan, 2010; 
Solangi et al. 2021; Adegoke and Bello, 2015; De Gisi et al., 2016; 
Rahman et al., 2021). 

Numerous studies on utilizing activated carbons derived from 
biomass for dye adsorption have been reported in recent years (Ani 
et al., 2020; Wong et al., 2018; Hassan and Carr, 2021). Biomass is 
diverse, abundant, renewable and sustainable and the activation process 
is relatively simple due to the high reactivity of the biomass. Thus, 
utilizing activated carbon obtained from biomass as an adsorbent can 
provide an economic and sustainable replacement for non-renewable 
coal-based activated carbon, whilst minimizing the impact to the envi-
ronment (González-García, 2018). However, activated carbons pro-
duced from biomass are still limited in practical use as their pore sizes 
are far from optimal, resulting in large volumes of adsorbent being 
required (Singh and Rawat, 1994; Wong et al., 2018). In addition, it is 
difficult to achieve high uptake and a high rate of adsorption simulta-
neously due to the low accessibility of microporous surfaces and the 
large diffusion distance in the unimodal pores of most activated carbons 
(Qi et al., 2019). The heterogeneous texture of the biomass, the acti-
vation method and the activation conditions all affect the surface 
chemistry and the development of the pore structure in the resulting 
activated carbon (Wang et al., 2021; Gayathiri et al., 2022). Therefore, 
to overcome the limitations of low adsorption efficiency and slow 
adsorption rate, selection of appropriate biomass precursors and acti-
vation methods and optimization of the activation conditions are key 
factors for reproducibly obtaining activated carbons in high yield and of 
appropriate quality for industrial wastewater treatment. 

Methylene blue (1) is the most widely used basic and cationic dye in 
textiles, printing, biology and chemistry (Khan et al., 2022). As a large 
heterocyclic aromatic compound (Fig. 1) it is used extensively to eval-
uate the structure and adsorption capacity of activated carbons, as the 
available surface of an adsorbent for a large molecule such as 1 is limited 
due to the molecular sieving effect (Barton, 1987). In previous work, it 
has been shown that predominantly mesoporous carbons (Starbons®) 
derived from starch or alginic acid have higher adsorption capacities 
and faster adsorption rates for dye 1 than those of conventional, 
microporous activated carbon (Parker et al., 2012). 

Recently, we showed that mesoporous Starbons® could be activated 
by treatment with potassium hydroxide, carbon dioxide or oxygen to 
produce hierarchically porous materials with superior carbon dioxide 
adsorption capacities to either mesoporous Starbons® or microporous 

Fig. 1. Structure and key parameters of methylene blue cation 1.  
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activated carbon (Li et al., 2022). The aim of the current work was to 
investigate if the hierarchically porous nature of activated Starbons® 
would also be beneficial for the adsorption of methylene blue and other 
dyes. The large surface areas produced by the presence of micropores 
and small mesopores were expected to provide sites for dye adsorption, 
whilst the presence of larger mesopores and macropores should facilitate 
rapid dye diffusion, and the macropores would act as reservoirs to 
minimise diffusion distances (Chen et al., 2015; Albadarin et al., 2017; 
Qi et al., 2019; Zhang et al., 2020). However, dye 1 is a much larger 
molecule than carbon dioxide (which has a kinetic diameter of just 
0.33 nm (Rehman and Park, 2019)), so the optimal materials for 
adsorption of carbon dioxide might not be optimal for the adsorption of 
dye 1. In this manuscript we show that hierarchically porous Starbons® 
do indeed make excellent adsorbents for methylene blue 1. 

3. Results and discussion 

3.1. Methylene blue adsorption and desorption studies 

3.1.1. Synthesis and characterisation of adsorbents 
Eleven carbon-based materials were selected for this investigation 

and their textural properties are detailed in Table 1. Commercial acti-
vated carbon (AC) provided a predominantly microporous control 
sample (Martin et al., 2003). The other ten materials were all prepared 
from starch as previously reported (Li et al., 2022) and outlined in Fig. 2. 
S800 is unactivated Starbon® produced by pyrolysis of expanded starch 
at 800 oC. This provided a predominantly mesoporous control sample.1 

S800K1–K5 are potassium hydroxide activated Starbons® prepared at 
800 oC using 1–5 equivalents (g/g) of potassium hydroxide. 
S950C30–90 are carbon dioxide activated Starbons® prepared by 
treatment of S800 with carbon dioxide at a maximum temperature of 
950 oC for 30, 60 or 90 min. S750O0 is an oxygen activated Starbon® 
prepared by heating S800 to 750 oC under a gas flow comprising 2% 
oxygen and 98% nitrogen. The nine activated Starbons® in this set of 
materials had a wide range of surface areas and porosities (Table 1), 
allowing the impact of these parameters on their methylene blue ad-
sorptions to be investigated. 

3.1.2. Methylene blue adsorption capacities and removal efficiencies at 
298 K 

The adsorption of methylene blue by the carbon-based materials was 
studied by UV-Vis spectrophotometry, monitoring the decrease in 
adsorption at 665 nm of an aqueous solution of 1 of known initial 
concentration and converting the adsorption to concentration using a 
calibration curve (data in supporting information). This was used to 
calculate: the quantity of dye 1 adsorbed at time t (qt, mg g-1), the 
adsorption capacity of dye 1 at equilibrium (qe, mg g-1), the percentage 
removal of dye 1 at time t (Rt, %) and the removal efficiency of dye 1 (Re, 
%) according to equations 1–4 (Fu et al., 2016) where C0 (mg L-1), Ct (mg 
L-1) and Ce (mg L-1) are the initial, at time t, and equilibrium concen-
trations of 1 respectively; V (L) is the volume of solution; and m (g) is the 
mass of adsorbent. 

1: qt = (C0 − Ct)V/m. 
2: qe = (C0 − Ce)V/m. 
3: Rt = 100(C0 – Ct)/ C0. 
4: Re = 100(C0 – Ce)/C0. 
The equilibrium adsorption capacities of the adsorbents at various 

initial dye 1 concentrations at 298 K were determined in triplicate after 
contact times of 24 h and the average values are presented in Table 2 
(for graphical representations of this data see supporting information). 
The adsorption capacities (qe) initially increased as the dye 

concentration increased indicating that there were sufficient adsorption 
sites for dye 1 on the adsorbents at low concentrations. Then, the 
saturated adsorption capacities were obtained at higher concentrations 
of dye 1. All the Starbons® exhibited excellent removal efficiencies (Re) 
towards dye 1 at low initial methylene blue concentrations (close to 
100%). As the initial concentration of the dye 1 solution increased, the 
removal efficiencies decreased as the absorbents reached their saturated 
adsorption capacities and all adsorption sites became saturated with 
methylene blue molecules. 

Compared to S800 and to activated carbon, the activated Starbons® 
all have much higher saturated adsorption capacities for dye 1. S950C90 
has the largest saturated adsorption capacity (891 ± 43 mg g-1) and a 
removal efficiency of (74 ± 4%) at a dye 1 concentration of 600 mg L-1. 
This saturated adsorption capacity is almost nine times higher than that 
of S800 (106 ± 8 mg g-1) and four times higher than that of activated 
carbon (231 ± 6 mg g-1). The exceptionally high saturated adsorption 
capacity of S950C90 can be attributed to its well-developed hierarchical 
porous structure (Qi et al., 2019) as it has the highest surface area, 
micropore volume, mesopore volume and total pore volume of any of 
the materials in Table 1. Its micropores provide adsorption sites for dye 
1; whilst the abundant meso- and macropores provide spaces to reduce 
the steric hindrance between adsorbed dye molecules and to facilitate 
the diffusion of dye molecules into the adsorbent (Xiao et al., 2006; 
Chang et al., 2017; Zhang et al., 2020). The high adsorption capacities 
and removal efficiencies for dye 1 by activated Starbons® show the 
potential of these materials in practical applications involving decol-
ouration of wastewater. 

3.1.3. Temperature dependence of methylene blue adsorption capacities 
and removal efficiencies 

The effect of temperature on the equilibrium capacities and removal 
efficiencies of the two best performing materials (S800K4 and S950C90) 
was studied between 298 and 318 K at various concentrations of dye 1 
(see supporting information). The adsorption capacities of the materials 
increased as the initial concentration of 1 increased at each temperature, 
though the saturated adsorption capacities were independent of tem-
perature over the temperature range studied. In addition, more than 
95% removal efficiency of dye 1 could be achieved by both Starbons® at 
initial dye concentrations of 300 and 400 mg L-1 throughout the range of 
temperatures investigated. This highlights the high efficiency of meth-
ylene blue adsorption onto these two adsorbents even at high initial dye 
concentrations compared to the other samples detailed in Table 2. The 
results suggest that S800K4 and S950C90 have surface areas and 
micropore volumes which optimise the number of adsorption sites 
which are accessible to dye 1. At all temperatures, at the higher initial 
dye concentrations (500–700 mg L-1), the adsorption capacities and 
removal efficiencies of S950C90 were higher than those of S800K4. The 
highest saturated adsorption capacity onto S950C90 was 919 
± 15 mg g-1. 

3.1.4. Fitting of methylene blue adsorption data to isotherm models 
To investigate the nature of the equilibrium adsorptions, the exper-

imental equilibrium adsorption data (qe and Ce) was fitted to the 
Langmuir, Freundlich and Temkin isotherm models (Al-Ghouti and 
Da’ana, 2020). The resulting best fit plots, optimised parameters and 
correlation coefficients are given in the supporting information. The best 
fit to the data across all eleven materials was obtained using the 
Freundlich isotherm as judged by the correlation coefficients (R2) which 
were greater than 0.8 in every case (Table 3). This indicates that the 
adsorption process is multilayer and non-ideal with adsorption sites 
distributed non-uniformly on the heterogeneous surface of the material 
with varying heats of adsorption and adsorption affinities (Al-Ghouti 
and Da’ana, 2020). The adsorption driving force and the surface het-
erogeneity can be evaluated in the Freundlich model, by the value of 1/n 
which represents the adsorption affinity or the degree of the surface 
heterogeneity (Chaari et al., 2015). These values were all less than 0.5, 

1 This S800 material differs from that reported in (Parker et al., 2012) as it 
was prepared by the greener freeze-drying method rather than the solvent ex-
change method. 
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indicating that the adsorption of dye 1 occurred easily. 
The Freundlich isotherm constants (KF) are related to the equilibrium 

adsorption constants (Kads) as shown in equation 5 and hence allow the 
Gibbs free energy of adsorption (ΔGads) to be calculated (Zhang et al., 
2020). At 298 K, all of the materials had ΔGads values for the adsorption 
of dye 1 between − 23.7 and − 31.4 kJ mol-1 as shown in Table 3. These 
negative values for the Gibbs free energy changes confirm the sponta-
neous nature of the adsorption process. The least negative value 
(−23.7 kJ mol-1) was obtained for the predominantly mesoporous S800. 
The two most negative values at 298 K (−30.7 and −31.4 kJ mol-1), 
corresponding to adsorption of dye 1 being most favourable, were ob-
tained for S950C90 and S800K4 respectively, the two materials which 
were experimentally found to have the highest adsorption capacities for 
dye 1 (Table 2). At higher temperatures, the Gibbs free energies of 
adsorption became more negative, decreasing to − 32.6 kJ mol-1 at 
318 K for S800K4 and to − 33.7 kJ mol-1 at 318 K for S950C90. Thus, 
the adsorption of methylene blue onto activated Starbons® is well rep-
resented by the Freundlich isotherm model and this allows thermody-
namic parameters associated with the adsorption to be determined. 

5: Kads = (KFρ/1000)[(106/ρ)(1-(1/n))]. 
where ρ is the density of water (taken as 1.0 g mL-1). 

3.1.5. Kinetics of Methylene blue adsorption 
The kinetics of methylene blue adsorption were investigated and the 

results in Fig. 3 show that dye 1 was initially rapidly adsorbed onto all 
the materials and adsorption equilibria (qe-exp) were reached within a 
maximum of three hours. Due to the low surface coverage in the early 
stages of adsorption, dye molecules could rapidly occupy vacant 
adsorption sites. As the dye adsorption progressed and approached 
equilibrium, the number of available adsorption positions reduced and 
dye 1 already adsorbed on the adsorbent caused steric hindrance and 
electrostatic repulsion for other approaching dye molecules (Albadarin 
et al., 2017). Adsorption of dye 1 onto potassium hydroxide, carbon 
dioxide and oxygen activated Starbons® and onto activated carbon 
(Fig. 3a,c–k) was more rapid than adsorption onto unactivated S800 
(Fig. 3b). Most of the methylene blue was adsorbed in the first thirty 
minutes and for S800K4 (Fig. 3f) and S950C90 (Fig. 3j), the times 
required for the adsorption to reach equilibrium were as short as five 
minutes. 

The experimental adsorption data were fitted to pseudo-second order 
(Albadarin et al., 2017) and Elovich (Fan et al., 2017) models. The 
experimental adsorption data and fitting plots are shown in Fig. 3 and 
selected adsorption parameters obtained from the pseudo-second order 
model are given in Table 4, with full data for both models provided in 
the supporting information. Both the pseudo- second order (equation 6) 
and Elovich kinetic models gave good fits to the experimental data (see 
supporting information) though the pseudo-second order model had 
higher correlation coefficient values (close to unity) and gave qe values 
(qe-cal) that were consistent with the experimental data (qe-exp) as shown 
in Table 4. Thus, the pseudo-second order model was used to analyse the 
data. This model assumes that the adsorption process includes diffusion 
of the external liquid film, surface adsorption and intra-particle diffu-
sion processes, and that the adsorption rate is determined by the number 
of unoccupied adsorption sites on the adsorbent surface (Albadarin 
et al., 2017). The h2 term in equation 6 indicates the initial adsorption 
rate whilst k2 is the rate constant at equilibrium. The data in Table 4 
show that S950C90 has an exceptionally high h2 value of 34,770 which 
is an order of magnitude higher than that of S800K4 (8065) whose h2 
value is itself one to three orders of magnitude greater than that of any 
other sample at the same initial dye concentration (400 mg L-1). Acti-
vated Starbon® S800K2 has a h2 value 3.7 times that of the corre-
sponding unactivated Starbon® (S800) at the same initial dye 
concentration of 100 mg L-1. 

The h2 values of S800K4 and S950C90 are far higher than those re-
ported for other materials at the same initial dye concentrations such as: 
clays (1.5–5.0 mg g-1 min-1) (Gürses et al., 2006); a biosorbent prepared 

Table 1 
BET-surface areas and pore volumes for Starbon® materials.  

Entry Material SBET (m2 g-1) Vmicro (cm3 g-1)a,b Vultramicro (cm3 g-1)a Vmeso (cm3 g-1)c Vtotal (cm3 g-1)d micropore (%)e ultramicropore (%) 
1 AC 812  0.34  0.21  0.40  0.74  45.9  28.4 
2 S800 619  0.24  0.19  0.35  0.59  40.7  32.2 
3 S800K1 1214  0.48  0.32  0.58  1.06  45.3  30.2 
4 S800K2 1294  0.49  0.39  0.10  0.59  83.1  66.1 
5 S800K3 1633  0.62  0.45  0.14  0.77  80.5  58.4 
6 S800K4 2299  0.91  0.46  0.07  0.98  92.9  46.9 
7 S800K5 2452  1.00  0.57  0.09  1.09  92.7  52.3 
8 S950C30 1618  0.64  0.46  0.27  0.94  68.1  48.9 
9 S950C60 2180  0.89  0.53  0.41  1.32  67.4  40.2 
10 S950C90 2457  1.04  0.56  0.59  1.64  63.4  34.1 
11 S750O0 1100  0.43  0.33  0.14  0.58  74.1  56.9  
a Calculated based on the HK model. 
b Includes the ultramicropore volume. 
c Calculated based on the BJH model. 
d Calculated based on the HK model at P/P0 = 0.99. 
e Includes the ultramicropore %. 

Fig. 2. Routes used to prepare Starbon® materials. Materials shown in bold are 
those used in this work. 
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from agrobacterium fabrum (0.9–22 mg g-1 min-1) (Sharma et al., 2018); 
carbon dioxide activated spherical carbon prepared from sucrose 
(18–34 mg g-1 min-1) (Bedin et al., 2018); potassium hydroxide acti-
vated carbon prepared from Date Press Cake (108–600 mg g-1 min-1) 
(Heidarinejad et al., 2018) and hydrothermal, potassium hydroxide 
activated carbon prepared from coffee husk (19–278 mg g-1 min-1) (Tran 
et al., 2021). 

6: qt = h2t(1 +k2qet)-1 where h2 = k2qe2. 
The high h2 values for S800K4 and S950C90 can be related to their 

optimal pore structure which facilitates the adsorption of dye molecules 
onto the surface sites as discussed above (Zhang et al., 2020). Hence the 
adsorption of methylene blue by activated Starbon® materials is well 

represented by a pseudo-second order model and this shows that the 
materials with the highest saturated adsorption capacities also have the 
highest rates of adsorption. 

3.1.6. Effect of solution pH on methylene blue adsorption by S950C90 
Both the methylene blue and the surface charge of the Starbon® 

could be affected by the pH of the dye 1 solution (Hu et al., 2018). The 
solution pH which produces a surface charge (Zeta potential) of zero on 
the adsorbent is referred to as pHzpc (Zhang et al., 2020). The best 
performing Starbon® material (S950C90) was found to have a pHzpc of 5 
(Fig. 4a). Thus, at pH values below 5 the surface of S950C90 will be 
positively charged whilst at pH values above 5, its surface will be 
negatively charged. Therefore, the effect of the pH of the methylene blue 
solution on the saturated adsorption capacity and removal efficiency of 
dye 1 by S950C90 was investigated. Fig. 4b shows that the solution pH 
does influence the adsorption of dye 1 by S950C90. The saturated 
adsorption capacity and removal efficiency increased from (819 
± 36 mg g-1) and (82 ± 4%) respectively at pH 4 to (937 ± 20 mg g-1) 
and (94 ± 2%) at pH 9. Above pH 9 there was no further increase in the 
saturated adsorption capacity or removal efficiency. These results indi-
cate that there is an electrostatic component to the adsorption of dye 1 
onto S950C90 with a surface with negative Zeta potential being 
favourable for the adsorption of positively charged dye 1 (Hu et al., 
2018). 

3.1.7. Desorption of methylene blue from S950C90 and recyclability of the 
adsorbent 

The Zeta potential data also suggested that desorption of dye 1 from 
S950C90 would be favoured at low pH’s which would allow the reuse of 
the adsorbent. It was found that desorption could be achieved by 
treatment of the adsorbed dye with a solution of ethanol and ethanoic 
acid (20/1, v/v) and was facilitated by ultrasonication of the suspension. 
Previous work (Tang et al., 2021) using this solvent system for methy-
lene blue desorption indicated that desorption occurs due to competition 
between protons from ethanoic acid and dye 1 cations, whilst ethanol 
provides similar polar forces to the dye molecules to those present when 
the dye is adsorbed on the Starbon® material. 

The recyclability of S950C90 over four cycles of dye 1 adsorption 
and desorption (at 298 K and C0 =500 mg L-1) is shown in Fig. 5. The 
first cycle saturated adsorption capacity was 793 mg g-1 and the first 
desorption removed 756 mg g-1 or 95% of the adsorbed dye. The second 
to fourth cycles also desorbed 97–99% of the adsorbed dye, though the 
saturated adsorption capacities decreased over these three cycles to 660, 
597 and 586 mg g-1 (based on the initial mass of S950C90 used), due to 
unremoved dye 1 and water; and to unavoidable handling losses. The 
data show that S950C90 is a highly recyclable adsorbent for methylene 
blue dye. 

Table 2 
Adsorption capacities (qe) and removal efficiencies (Re) for adsorption of 1.  

Material 1 C0 
(mg L-1) 

qe (mg g- 
1) 

Re (%) 1 C0 
(mg L-1) 

qe (mg g- 
1) 

Re (%) 

AC  100 184.5 
± 9.0 

92.3 
± 4.5  

200 230.5 
± 6.3 

57.6 
± 1.6  

150 218.4 
± 3.4 

72.8 
± 1.1  

250 225.1 
± 11.8 

45.0 
± 2.4 

S800  25 49.3 
± 0.3 

98. 7 
± 0.6  

80 105.8 
± 3.2 

66.1 
± 2.0  

50 93.9 
± 4.0 

93.9 ± 4  90 105.9 
± 7.7 

58.8 
± 4.3  

70 106.5 
± 4.0 

76.1 
± 2.8  

100 99.7 
± 6.5 

49.8 
± 3.2 

S800K1  100 197.6 
± 0.9 

98.8 
± 0.43  

400 340.5 
± 9.2 

42.6 
± 1.2  

200 346.6 
± 2.7 

86.6 
± 0.7  

500 345.4 
± 21.8 

34.5 
± 2.1  

300 347.3 
± 5.0 

57.9 
± 0.8     

S800K2  50 98.9 
± 0.4 

98.8 
± 0.4  

300 238.7 
± 15.0 

39.8 
± 2.5  

100 192.3 
± 4.6 

96.2 
± 2.3  

400 244.7 
± 9.7 

30.6 
± 1.2  

200 248.3 
± 6.0 

62.1 
± 1.5     

S800K3  100 191.2 
± 3.3 

95.6 
± 1.6  

400 483.2 
± 21.3 

60.4 
± 5.2  

200 360.3 
± 10.3 

90.1 
± 2.6  

500 489.2 
± 36.6 

48.9 
± 3.7  

300 491.1 
± 23.7 

81.9 
± 4.0     

S800K4  300 597.9 
± 0.7 

99.7 
± 0.1  

600 811.0 
± 36.9 

67.6 
± 3.1  

400 771.8 
± 16.5 

96.5 
± 2.1  

700 817.0 
± 46 

58.4 
± 4  

500 787.2 
± 22.7 

78.7 
± 2.3     

S800K5  200 398.4 
± 0.9 

99.6 
± 0.2  

400 638.9 
± 21.4 

82.4 
± 2.7  

300 557.3 
± 24 

92.9 ± 4  500 629.0 
± 3.1 

62.9 
± 0.3 

S950C30  200 394.4 
± 0.8 

98.6 
± 0.2  

500 494.8 
± 37.2 

49.5 
± 3.7  

300 511.0 
± 31.2 

85.2 
± 5.2  

600 515.9 
± 5.3 

43.0 
± 0.4  

400 510.5 
± 24.8 

63.8 
± 3.1     

S950C60  300 579.2 
± 8 

96.5 
± 1.3  

500 726.1 
± 33.1 

72.6 
± 3.3  

400 655.9 
± 6.1 

82.0 
± 0.8  

600 725.8 
± 13.4 

60.5 
± 1.1 

S950C90  300 597.9 
± 1.4 

99.7 
± 0.2  

500 825.9 
± 38.7 

82.6 
± 3.9  

400 782.5 
± 18.4 

97.8 
± 2.3  

600 891.0 
± 43.1 

74.3 
± 3.6 

S750O0  100 196.6 
± 1.0 

98.3 
± 0.5  

200 308.9 
± 1.9 

77.2 
± 0.5  

125 245.9 
± 2.2 

98.4 
± 0.9  

250 328.4 
± 24.1 

65.7 
± 4.8  

150 289.1 
± 9.8 

96.4 
± 3.3      

Table 3 
Freundlich adsorption isotherm parameters for the adsorption of dye 1.  

Sample T (K) 1/n KF (mg g-1 (L mg-1)1/n) ΔGads (kJ mol-1) R2 

AC  298  0.0737  162.0 -27.2  0.91 
S800  298  0.1147  70.79 -23.7  0.83 
S800K1  298  0.0756  234.6 -28.1  0.86 
S800K2  298  0.0953  150.9 -26.3  0.95 
S800K3  298  0.1766  199.6 -24.2  0.86 
S800K4  298  0.0493  628.9 -31.4  0.89  

303  0.0661  591.8 -31.2  0.97  
308  0.0613  601.0 -31.9  0.91  
318  0.0666  566.4 -32.6  0.94 

S800K5  298  0.0879  421.4 -29.1  0.93 
S950C30  298  0.0492  392.7 -30.2  0.80 
S950C60  298  0.0771  482.1 -29.8  0.95 
S950C90  298  0.0686  627.9 -30.7  0.92  

308  0.0612  632.3 -32.0  0.96  
318  0.0500  687.5 -33.7  0.94 

S750O0  298  0.0930  219.8 -27.3  0.81  
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3.2. Analysis of methylene blue adsorbed on starbons® 

3.2.1. TGA-FTIR analysis 
To understand the adsorption behaviour of dye 1, the best per-

forming adsorbent (S950C90) was pyrolysed under nitrogen from 20 to 
625 oC in a thermogravimetric analyser coupled to a Fourier transform 
infrared spectrometer (TG-FTIR) with a heating rate of 10 oC min-1 and a 
hold time at 625 oC of 1 h, both before and after methylene blue 
adsorption (298 K and C0 =500 mg L-1). For comparison, methylene 
blue chloride was also pyrolysed under the same conditions. Due to the 
evaporation of water, mass losses of 16%, 16% and 2% are observed 

below 100 oC in the TGA curves of methylene blue chloride, S950C90, 
and S950C90 after adsorption of 1 (Fig. 6a) with corresponding peaks 
observed at temperatures below 100 oC by differential thermal 
gravimetry (DTG) (Fig. 6b). 

Above 100 oC, S950C90 underwent only a 10% mass loss due to 
slight dehydration and decomposition. The FTIR spectrum of the off- 
gases (Fig. 6c) shows peaks corresponding to water (1700–1800 and 
3300–3800 cm-1) throughout the heat treatment, and to carbon dioxide 
(2350 and 667 cm-1) enhancing gradually from 600 s which corresponds 
to a temperature of 120 oC. In contrast, methylene blue undergoes sig-
nificant decomposition above 100 oC, resulting in a mass loss of 46% 
(Fig. 6a). Due to the existence of methylene blue within the pore 
structure of S950C90, the mass loss of S950C90 after adsorption of dye 1 
increased to 30%. The FTIR spectra of the off-gases from thermal anal-
ysis of S950C90 after adsorption of dye 1 show the additional presence 
of ammonia (800–1200 cm-1) and methane (2800–3100 cm-1) at 
1200–4000 s (corresponding to 220–625 oC) as shown in Fig. 6d–f. The 
hydrogen and nitrogen come from the decomposition of adsorbed 
methylene blue (see supporting information for FTIR spectra of the off- 
gases from heating just methylene blue). Due to the presence of 
hydrogen bonding and electrostatic interactions between the surface of 
S950C90 and methylene blue molecules, the decomposition tempera-
tures of methylene blue adsorbed onto S950C90 (216 and 418 oC) were 
higher than those of pure methylene blue (214 and 297 oC) as shown in 
Fig. 6b. Based on the mass loss above 100 oC seen for methylene blue, 
S950C90 and methylene blue adsorbed onto S950C90, the adsorption 
capacity of S950C90 for dye 1 was calculated as 851 mg g-1 which 
compares well with the value of (826 ± 39) mg g-1 determined by 
UV–vis spectrophotometry (data in supporting information). Thus, the 
TGA-FTIR data both qualitatively and quantitatively confirmed the 
presence of methylene blue adsorbed within S950C90. 

Fig. 3. Variation of adsorption of dye 1 onto carbon-based materials with time at 298 K. Experimental data points are shown as squares, the best fit to the pseudo- 
second order kinetic model is indicated by the solid lines and the best fit to the Elovich kinetic model is indicated by the dashed lines. 

Table 4 
Experimental and pseudo-second order kinetic parameters for adsorption of 1.  

Material C0 (mg 
L-1)a 

qe-exp 
(mg g- 
1) 

k2 (g mg-1 

min-1) 
qe-calc 
(mg g- 
1) 

h2 (mg g-1 

min-1) 
R2 

AC  100  194.9  0.0030  193.1 110.1  0.9999 
S800  100  109.9  0.0006  111.5 7.8  0.9936 
S800K1  400  324.3  0.0013  327.9 135.5  1.0000 
S800K2  100  197.8  0.0007  201.6 28.7  0.9990 
S800K2  400  140.5  0.0004  150.4 8.6  0.9955 
S800K3  400  428.1  0.0006  427.4 113.5  0.9990 
S800K4  400  765.3  0.0132  781.3 8065  0.9990 
S800K5  400  604.3  0.0008  602.4 295.9  0.9990 
S950C30  400  483.8  0.0005  485.4 124.4  0.9980 
S950C60  400  748.7  0.0014  746.3 800.0  1.0000 
S950C90  400  798.1  0.0543  799.9 34,770  1.0000 
S750O0  100  194.9  0.0030  193.1 110.1  0.9990  
a Only data at C0 = 100 or 400 mg L-1 is included (with both concentrations 

given for S800K2) and the value reported is after a contact time of 3 h. Data for 
other initial concentrations are given in the supporting information. 
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3.2.2. Combustion analysis and XPS 
Based on the adsorption capacities of S950C90 and S800K4 for dye 1 

at 298 K with an initial dye concentration of 500 mg L-1 (data in sup-
porting information), the content of nitrogen and sulphur introduced 
into S950C90 and S800K4 after adsorption of dye 1 were calculated to 
be 5.9% and 4.5% respectively for S950C90 and 5.8% and 4.4% 
respectively for S800K4. The elemental compositions of S950C90, 
S800K4 and the corresponding materials after adsorption of dye 1 were 
determined by combustion analysis and the data are presented in  
Table 5. The increase in nitrogen and sulphur content after adsorption of 
dye 1 were 4.3% and 3.1% for S950C90 and 4.9% and 2.3% for S800K4, 
which are close to the calculated values. 

The surface elemental composition of S950C90 and S800K4, before 
and after methylene blue adsorption was analysed by X-ray photoelec-
tron spectroscopy (XPS). High-resolution C1s, N1s and O1s spectra of 
S950C90 and S800K4 after dye 1 adsorption are given in Fig. 7 and the 
corresponding wide-scan spectra (before and after dye 1 adsorption), 
along with a tabulation of the deconvoluted contributions to the high 
resolution C1s and O1s peaks are given in the supporting information. 

The elemental compositions obtained by integrating the C1s, O1s 
and N1s peaks are given in Table 5. The presence of peaks corresponding 
to N1s and S2p in the spectra of S950C90 and S800K4 after adsorption of 
dye 1 indicates the presence of methylene blue on the surface of the 
materials. Deconvolution of the high resolution C1s peaks of S950C90 
and S800K4 gave contributions at 286.6 ± 0.1, 288.3 ± 0.2 and 289.8 
± 0.3 eV corresponding to C–O or C–N; C––O; and O–C––O groups 
respectively (Plaza et al., 2013). After methylene blue adsorption, these 
peaks shifted to 286.1 ± 0.1, 287.8 and 289.2 eV which suggests an 
electrostatic attraction between the negative charged oxygen containing 
groups on the Starbon® and the positive charged dimethyliminium 
(=N+Me2) groups on methylene blue (Fu et al., 2016). Similarly, 
deconvolution of the O1s peaks of S950C90 and S800K4 gave contri-
butions at 533.2, 535.4 and 538.0 ± 0.9 eV corresponding to C–O, 
O–C––O and C––O groups respectively. After methylene blue adsorption, 

these peaks shifted to 532.7 ± 0.1, 534.4 ± 0.3 and 536.9 ± 0.2 eV, 
suggesting an interaction of the oxygen containing groups within the 
activated Starbons® with methylene blue (Li et al., 2020). Peak 
component intensity changes were also seen after adsorption of dye 1 
onto S950C90 or S800K4. The concentration of C–N groups increased 
significantly by 4.2–7.1%, whilst the intensities of the peaks at 290.9 
and 294.0 eV arising from π-π * transitions within the aromatic rings of 
S950C90 and S800K4 decreased after adsorption of dye 1, suggesting π-π 

interactions between the aromatic rings of the Starbons® and the con-
jugated system of dye 1 (Zhang and Xu, 2014). Hence, the XPS data 
suggests that the adsorption of cationic methylene blue 1 onto S950C90 
and S800K4 depends on both electrostatic and π-π interactions. 

3.2.3. Porosimetry 
To further verify the incorporation of dye 1 molecules into the 

porous structure of the Starbon® adsorbent, the nitrogen adsorption- 
desorption isotherms of S800K4 were measured at 77 K both before 
and after methylene blue adsorption. Fig. 8 shows that the initially 
highly microporous S800K4 was completely converted into a non- 
porous material after methylene blue adsorption as both the micro-
pores and mesopores were filled by dye molecules. 

3.2.4. SEM and EDS imaging 
The surface morphology and element composition of S950C90 before 

and after dye 1 adsorption were also studied by SEM and EDS imaging 
(Novais et al., 2018) as shown in Fig. 9 (see supporting information for 
additional lower magnification images). Fig. 9 shows that there are 
fewer mesopores and macropores visible in S950C90 after dye 1 
adsorption compared to the image of S950C90 before dye 1 adsorption. 
This supports the incorporation of dye molecules within the porous 
structure of S950C90. The main elemental compositions of S950C90 
shown by the EDS mapping are oxygen and sulphur. After methylene 
blue adsorption, EDS analysis showed the additional presence of nitro-
gen and chlorine and the presence of significantly more sulphur on the 
surface of S950C90. 

3.3. Correlation of methylene blue adsorption with starbon® textural 
properties 

The eleven materials used in this work had a wide range of textural 
properties (Table 1), methylene blue saturated adsorption capacities 
(Table 2), Gibbs free energies of adsorption (Table 3) and initial rates of 
adsorption (h2 in Table 4). This allowed correlations between the 
textural properties and the dye 1 adsorption parameters to be 

Fig. 4. Zeta potential (a) and saturated adsorption capacity and removal efficiency (b) of S950C90 as a function of the pH of the methylene blue solution. Triplicate 
experiments were conducted and error bars represent standard deviations. 

Fig. 5. Recyclability of S950C90 for methylene blue adsorption at 298 K. 
Saturated adsorption capacities are all calculated based on the amount of 
S950C90 used for cycle 1. 
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investigated (see supporting information). Nine textural properties were 
studied2 and whilst no correlations were found between these and the 
Gibbs free energies of adsorption or the initial rates of adsorption, both 
the BET surface area and the micropore volume showed a strong linear 
correlation (R2 = 0.91 and 0.92 respectively) with the saturated 

methylene blue adsorption capacity (Fig. 10).3 

Since dye 1 has a width of 0.72 nm (Fig. 1), it cannot fit into mi-
cropores with a diameter less than 0.7 nm. Therefore, the correlation of 
methylene blue saturated adsorption capacity with ultramicropore 

Fig. 6. (a) TGA and (b) DTG curves from the pyrolysis under nitrogen of methylene blue (MB) and S950C90 before and after methylene blue adsorption; (c,d) real- 
time FTIR spectra of the off-gases from the pyrolysis of S950C90 before (c) and after (d) methylene blue adsorption; (e) change of absorbance with time of the FTIR 
peaks corresponding to ammonia and methane; and (f) FTIR spectra at 2160 s (black) and 5000 s (red) during the pyrolysis of S950C90 after methylene 
blue adsorption. 

Table 5 
Combustion analysis and XPS data for S950C90 and S800K4, before and after adsorption of dye 1.  

Material Combustion analysis XPS analysis 
C (%) H (%) N (%) S (%) Rest (%) C (%) O (%) N (%) S (%) 

S950C90  88.7  0  0  1.2  10.1  98.5  1.3  0  0.1 
S950C90 + 1  77.1  3.4  4.3  4.3  10.9  91.3  3.1  3.5  1.7 
S800K4  78.3  0  0  1.7  20.0  88.2  10.6  0.4  0.2 
S800K4 + 1  74.2  3.3  4.9  4.0  13.7  78.1  11.9  5.4  2.7  

2 The textural properties investigated were: micropore surface area, external 
surface area, BET surface area, micropore volume, mesopore volume, total pore 
volume, ratio of micropore volume to total pore volume, ratio of mesopore 
volume to total pore volume and ratio of micropore volume to mesopore 
volume. 

3 A single plot of methylene blue adsorption capacity against the product of 
BET surface area and micropore volume also gave a good correlation (R2 =
0.89), though this was lower than the correlations seen for the plots against the 
two parameters individually (see supporting information). S800K5 is an outlier 
in this plot and when it is removed, the goodness of fit increases to R2 = 0.96 
which is comparable to the two individual plots. 
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volume (volume of pores with a diameter less than 0.7 nm) (Zdravkov 
et al., 2007) and supramicropore volume (volume of pores with a 
diameter of 0.7–2.0 nm) (Zdravkov et al., 2007) was also investigated 
(see supporting information). As expected the correlation with ultra-
micropore volume (R2 = 0.77) was weaker than that with supra-
micropore volume (R2 = 0.89). However, the best fit was still with the 

total micropore volume. For mesopores (diameter of 2–50 nm), the 
correlation between dye 1 adsorption capacity and pore volume van-
ishes (R2 = 0.002) as the dye molecules can easily enter and leave the 
pores (Ge and Liu, 2016). The importance of micropore size is shown by 
comparison of the dye 1 saturated adsorption capacities of S800K4 and 
S800K5 (Table 2). S800K5 exhibits a lower saturated adsorption ca-
pacity than S800K4, even though its BET surface area and micropore 
volume are higher than those of S800K4 (Table 1). However, more of the 
micropores in S800K5 are ultramicropores than in S800K4. Hence, 
S800K5 has a slightly lower supramicropore volume than S800K4 and 
thus has a lower volume of micropores that are accessible to dye 1. 
S800K5 is an outlier in both correlations shown in Fig. 10 and when it is 
removed, the correlations improve further (R2 = 0.96 and 0.97). 

The mesopore volume of the Starbon® materials does have a bene-
ficial impact on their methylene blue saturated adsorption capacities as 
seen by comparison of the data for S800K1 with S800K2 and for S800K5 
with S950C90 (Tables 1 and 2). Due to its higher mesopore volume, the 
saturated adsorption capacity of S800K1 is higher than that of S800K2, 
although its surface area and micropore volume are both slightly lower. 
Similarly, the surface area and micropore volume of S800K5 and 
S950C90 are very similar, whereas, due to its additional mesopore 
volume, the saturated adsorption capacity of S950C90 is particularly 
high. The absence of a direct correlation between methylene blue 
saturated adsorption capacity and mesopore volume suggests that the 

Fig. 7. High-resolution C1s (top), N1s (middle) and O1s (bottom) spectra of S950C90 (left) and S800K4 (right) after dye 1 adsorption. MB = methylene blue.  

Fig. 8. N2 sorption isotherms at 77 K of S800K4 before (black) and after (blue) 
adsorption of methylene blue. 
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Fig. 9. SEM-EDS images of (a) S950C90 and (b) S950C90 after methylene blue adsorption.  
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role of the mesopores is to enhance the access of dye 1 to supra-
micropores within the structure of the adsorbent. Overall, the correla-
tion analysis indicates that to maximise the methylene blue saturated 
adsorption capacity of a material, the BET surface area and micropore 
volume of the adsorbent should both be as high as possible. A high 
mesopore volume will also be beneficial for increasing the rate of 
adsorption. 

3.4. Adsorption of other dyes by S950C90 

3.4.1. Methyl orange and phenol red 
To explore the generality of dye adsorption by activated Starbons®, 

the most active adsorbent for methylene blue 1 (S950C90) was also 
tested as an adsorbent for methyl orange 2 (Saeed et al., 2022) and 
phenol red 3 (Nanthamathee and Dechatiwongse, 2021). These dyes 
were chosen since whilst methylene blue 1 is a cationic heteroaromatic 
dye, methyl orange is an anionic azo-dye and phenol red is a neutral 
triarylmethyl dye. Fig. 11 shows the equilibrium adsorption capacities 
and removal efficiencies obtained for each of dyes 1–3 at 298 K with an 
initial dye concentration of 500 mg L-1. There was no significant dif-
ference between the adsorption capacities (797–826 mg g-1) or removal 
efficiencies (80–83%) between the three dyes, indicating that S950C90 
is a highly effective adsorbent for dyes, irrespective of their chemical 
structure or charge. 

The saturated adsorption capacities of dyes 2 and 3 onto S950C90 
significantly exceed the reported saturated adsorption capacities of 
these dyes onto other materials. Methyl orange 2 has reported saturated 
adsorption capacities of: 111 mg g-1 onto active carbon prepared from 
grape seed (Yönten et al., 2020); 162 mg g-1 for sodium hydroxide 
activated carbon prepared from boiler residue (Martini et al., 2018); and 
338 mg g-1 for waste cellulose-derived porous carbon (Sun et al., 2019). 
Reported phenol red 3 saturated adsorption capacities are: 56 mg g-1 

onto titanium oxide nanoparticles loaded on activated carbon prepared 
from watermelon rind (Masoudian, . et al., 2019); 227 mg g-1 onto iron 
nanoparticles prepared from tea waste (Gautam et al., 2018); and 

345 mg g-1 onto surfactant-modified clay (Gamoudi and Srasra, 2019). 

3.4.2. Adsorption of dyes from simulated wastewater 
To study the ability of S950C90 to purify realistic printing and dye 

effluent, the methodology of Tang et al. was adopted (Tang et al., 2021). 
Thus, two solutions (A and B) each containing six dyes (1, 2, 4–7 Fig. 12) 
and four inorganic salts were prepared as detailed in Table 6. The 
decolourisation of solutions A and B upon treatment with S950C90 
(0.5 mg mL-1) for both 5 min and 4 h was then determined by inte-
grating the UV–visible adsorption spectra (234–800 nm) of the mixtures 
before and after adsorption of the dyes (data in supporting information). 
The results are summarised in Fig. 13. 

S950C90 was found to be highly effective at removing all six dyes 
from the simulated effluent. For the higher concentration effluent (A), 
91 ± 4% of the dye was removed after a contact time of just five mi-
nutes, rising to 98.7 ± 0.2% after a contact time of four hours. With the 
lower concentration effluent (B), 93 ± 7% of the dye was removed after 
a contact time of five minutes and 99.7 ± 0.3% was removed after a 
contact time of four hours. The results suggest that competitive 
adsorption of inorganic ions or other dyes has no negative effect on the 
effectiveness of dye removal by S950C90. Simulated dye effluents A and 
B contain high concentrations of dyes and salts (Tang et al., 2021), so the 
virtually complete dye removal achieved by S950C90 indicates that it 
would be highly effective for industrial wastewater treatment, especially 
when compared with other adsorbents reported in the literature 
(Machado et al., 2012; Ribas et al., 2020; Tang et al., 2021; Grassi et al., 
2021). 

3.5. Comparison of methylene blue saturated adsorption capacities by 
activated Starbons® and other biomass derived carbons 

Table 7 compares the methylene blue saturated adsorption capacity 
of S800K4 and S950C90 with those of 17 other biomass derived 
carbonaceous materials. The adsorption capacities of S950C90 are 
amongst the highest values reported. Only sodium hydroxide activated 

Fig. 10. Correlation of saturated adsorption capacity for methylene blue at 298 K with BET surface area and micropore volume. S800K5 is shown by the red triangle 
and is not included in the blue trend lines. 

Fig. 11. Structures of methyl orange 2 and phenol red 3 and the adsorption capacity of S950C90 for each of dyes 1–3 at 298 K with C0 = 500 mg L-1. Adsorption 
measurements were made after 4 and 24 h to ensure that equilibrium had been reached. Error bars represent one standard deviation. 
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coconut shell derived carbon has a similar adsorption capacity. How-
ever, activation using carbon dioxide is preferred as it is more sustain-
able and generates far less waste than activation using alkali metal 
hydroxides. These results suggest that S950C90 is a highly promising 
adsorbent for the purification of contaminated water (Manohara et al., 
2021) and could contribute to achieving the key targets of UN sustain-
able development goal 6 (clean water and sanitation) (United Nations, 
2022). 

4. Experimental 

4.1. Materials 

Unactivated S300 and S800 were prepared by the previously 

Fig. 12. Structures of lemon yellow 4, acid red 18 5, direct fast green 6 and 
direct fast black 7. 

Table 6 
Composition of the simulated dye effluents.  

Dye/salt Effluent A (mg L-1)a Effluent B (mg L-1)a 

Methylene blue 1  200  120 
Methyl orange 2  50  30 
Lemon yellow 4  50  30 
Acid red 18 5  100  60 
Direct fast green 6  50  30 
Direct fast black 7  50  30 
NaCl  50  30 
Na2CO3  50  30 
NH4Cl  50  30 
Na2SO4  50  30  
a The pH of the effluents were not adjusted. 

Fig. 13. Efficiency of decolourisation of simulated dye effluents A and B (see 
Table 6) by S950C90 after 5 min and 4 h. Error bars represent one stan-
dard deviation. 

Table 7 
Comparison of methylene blue adsorption using S800K4, S950C90 and other 
biomass derived carbonaceous materials.  

Biomass 
precursor 

Activation 
method 

SBET 
(m2 

g-1) 

Adsorption 
T (oC) 

qe 
(mg g- 
1) 

Reference 

Bituminous 
coal 

Steam 857 20 580a El Qada 
et al. (2006) 

Anaerobic 
granular 
sludge 

ZnCl2 741 25 91 Shi et al. 
(2014) 

Sewage sludge 
and coconut 
shell 

KOH 874 30 / 40 589b / 
623b 

Tu et al. 
(2021) 

Coconut shell NaOH 876 30 200 Islam et al. 
(2017) 

Coconut shell NaOH 2825 25 916 Cazetta 
et al. (2011) 

Coconut shell CO2 1652 25 526 Jain et al. 
(2014) 

Hazelnut 
shells 

KOH 1700 20 524 Unur (2013) 

Cashew 
nutshell 

ZnCl2 1871 25 476 Spagnoli 
et al. (2017) 

Acacia 
mangium 
wood 

H3PO4 1161 27 160 Danish et al. 
(2018) 

Spruce-pine-fir O2 725 25 269 Chen et al. 
(2017) 

Reed K2CO3 1000 30 704 Zhou et al. 
(2017) 

Lignin and 
chitosan 

none nr 20 36 Albadarin 
et al. (2017) 

Mangrove fruit KOH 1062 25 667 Sherugar 
et al. (2022) 

Tomato waste ZnCl2 1093 30 400 Sayğili and 
Güzel 
(2016) 

D-Fructose none 431 20 83 Alatalo et al. 
(2016) 

Sucrose CO2 1012 nr 211 Bedin et al. 
(2018) 

Alginic acid none 280 nr 186 Parker et al. 
(2012) 

Starch 
(S800K4) 

KOH 2299 25 / 35 817 / 
845 

This work 

Starch 
(S950C90) 

CO2 2457 25 / 45 891, 
937b/ 
919 

This work 

nr = not reported. 
a at pH 11; 
b at pH 9. 
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reported freeze drying method (Borisova et al., 2015) and were acti-
vated using KOH, CO2 or O2 as previously described (Li et al., 2022). 
Methylene blue (1, high purity, biological stain) was supplied by Alfa 
Aesar; methyl orange 2, phenol red 3, lemon yellow 4, acid red 18 5 and 
direct fast green 6 were supplied by SigmaAldrich; direct fast black 7 
was supplied by carbosynth; and water was deionized. 

4.2. Instrumentation 

Porosimetry was carried out by measuring nitrogen adsorption- 
desorption isotherms on a Micromeritics ASAP 2020 volumetric 
adsorption analyser at 77 K. Before analysis, powdered samples (~0.1 g) 
were degassed at 200 oC for 8 h. The BET surface area (Brunauer et al., 
1938) was calculated from the nitrogen adsorption data at a relative 
pressure range of 0.01–0.2; the total pore volume was estimated at a 
relative pressure of 0.99; the BJH method (Thommes, 2010) was used 
for determination of mesopore volume and mesopore size distribution. 
The HK method for carbon materials with slit-shaped pores (Horvath 
and Kawazoe, 1983) was used for the determination of micropore vol-
ume, ultramicropore volume and micropore size distribution. 

UV–visible spectra were recorded between 200 and 800 nm using a 
Thermo Genesys 180 UV–visible spectrometer. Distilled water was used 
as reference. Standard dye solutions of known concentrations 
(1–14 mg L-1) were prepared and analysed to produce calibration curves 
(see supporting information) based on the adsorption at λmax = 665, 464 
or 432 nm for dyes 1–3 respectively. These curves were then used to 
determine the concentration of dye remaining in solutions. The Zeta 
potential of samples was determined by using a Malvern Zetasizer Nano 
ZS90 instrument. Sample (1 mg) was added to distilled water (20 mL) 
and the pH of the mixture was adjusted to 3–11 by adding hydrochloric 
acid (0.1 mol L-1) or sodium hydroxide solution (0.1 mol L-1) dropwise. 
A pH meter was used to measure the pH of the solutions. The solution 
was then sonicated for five minutes before analysis. TG-FTIR curves and 
spectra were recorded on a NETZSCH STA409 coupled to a Bruker 
Equinox 55 FTIR. Samples were heated from room temperature to 
625 oC at a rate of 10 oC min-1 and then held at 625 oC for 1 h. The mass 
changes of samples as a function of temperature or time during thermal 
treatments were recorded by the STA409 whilst infrared spectra of 
gaseous decomposition products were recorded by the attached FTIR. 

CHNS analysis was carried out by the University of York combustion 
analysis service using an Exeter Analytical Inc. CE-440 analyser and a 
high temperature combustion method. XPS analysis was performed by 
the UK national XPS service at the University of Cardiff using a Thermo 
K-Alpha+ XPS fitted with a monochromated Al kα X-ray source. Data 
were collected at a pass energy of 2150 eV for survey spectra and 40 eV 
for high-resolution scans. The spectra were collected at a pressure below 
10-7 Torr and a temperature of 294 K. Peaks were fit with a Shirley 
background prior to component analysis. Data was analysed using 
CasaXPS (v2.3.34) after subtraction of the background and using 
modified sensitivity factors as supplied. 

SEM analysis was carried out using a JEOL 7800 F scanning electron 
microscope and a LED detector with an accelerating voltage of 5 kV and 
a working distance of 10 mm. Energy dispersive X-ray spectrometry 
(EDS) analysis was performed by setting the accelerating voltage to 
15 kV. The sample was mounted on an aluminium plate and coated with 
carbon to increase conductivity prior to analysis. 

4.3. Dye adsorption studies 

Stock solutions of dyes 1–3 in water (1000 mg L-1) were prepared 
and diluted to various concentrations (25–700) mg L-1 as required. Ex-
periments were carried out in triplicate by mixing adsorbent (10 mg) 
with an aqueous solution of dye (20 mL) at a controlled temperature 
(298, 308 or 318 K) and agitation rate (100 rpm) in a Julabo SW22 
incubator shaker. At appropriate time intervals, samples of the dye so-
lution (1 mL) were withdrawn, filtered through a 0.45 µm membrane 

filter and diluted with distilled water and analysed by UV–Vis spectro-
photometry at a wavelength of 665, 464 or 432 nm for dyes 1–3 
respectively. For adsorption isotherm studies, adsorptions were 
measured after 24 h to ensure that they had reached equilibrium. The 
effect of pH on the adsorption of dye 1 onto S950C90 was studied using 
an initial dye concentration of 500 mg L-1. The pH of this solution was 
adjusted (to pH 3.0–11.0) using 0.1 M sodium hydroxide or 0.1 M hy-
drochloric acid. 

4.4. S950C90 recyclability study 

The recyclability of S950C90 towards adsorption of methylene blue 
1 was studied over four cycles (Fig. 5). Firstly, the adsorption of an 
aqueous solution of dye 1 (20 mL, 500 mg L-1) onto S950C90 (10 mg) 
was conducted at 298 K without adjusting the pH of the solution. After 
reaching adsorption equilibrium (4 h), the adsorbent was separated by 
centrifugation and the remaining solution was analysed by UV–vis 
spectrophotometry to determine the quantity of dye 1 that had been 
adsorbed. Then, desorption was carried out by mixing the adsorbed 
sample with EtOH and AcOH (150 mL, 20:1, v-v) and ultrasonicating the 
suspension for 5 min. This washing process was repeated three times, 
then the solid was collected by centrifugation. The solvent was com-
bined and analysed by UV–vis spectrophotometry to determine the 
quantity of dye 1 that had been desorbed. The solid (S950C90) was then 
used for the next adsorption and desorption cycle. 

4.5. Adsorption of dyes from simulated wastewater 

Adsorption of simulated dye effluent onto S950C90 was carried out 
in triplicate by mixing S950C90 (10 mg) with a simulated dye effluent 
(20 mL, see Table 6) at 298 K in a Julabo SW22 incubator shaker with an 
agitation rate of 100 rpm. The pH of the simulated effluent was not 
adjusted. UV–vis spectra (190–800 nm) of the simulated effluents were 
recorded before adsorption and after adsorption by S950C90 for 5 min 
and 4 h. The area under the absorption bands from 234 to 800 nm was 
used to quantify the dye removal efficiency from the simulated dye 
effluent. 

5. Conclusions 

In this work we have shown that activated Starbons® derived from 
waste biomass (starch) are excellent adsorbents for the physisorption of 
methylene blue 1 and other dyes. The optimal materials (S800K4 and 
S950C90) show dye 1 adsorption capacities of over 800 mg g-1 at 25 oC. 
These high adsorption capacities are combined with high initial rates of 
adsorption (h2 = 8065 and 34,770 mg g-1 min-1 for S800K4 and 
S8950C90 respectively at an initial concentration of 400 mg L-1). The 
adsorption of dye 1 is pH dependent and the dye can be desorbed at pH 4 
allowing the adsorbent to be reused. 

The materials show excellent correlations between their dye 1 
saturated adsorption capacities and both their BET surface areas and 
their micropore volumes. SEM-EDX analysis shows that dye 1 is adsor-
bed throughout the surface of the particles explaining the correlation 
with BET surface area. Porosimetry shows a complete loss of porosity 
after adsorption of dye 1, accounting for the correlation with micropore 
volume. 

The optimal material (S950C90) was also studied as an adsorbent for 
methyl orange 2 and phenol red 3 and was found to have saturated 
adsorption capacities for these anionic and neutral dyes which were 
almost identical to that of the cationic dye methylene blue 1 
(797–826 mg g-1). In addition, the ability of S950C90 to decolourise 
simulated dye effluent composed of six dyes and four inorganic salts was 
studied and just 0.5 mg mL-1 of S950C90 was found to be sufficient to 
remove over 98.5% of the dyes present. These results indicate that 
S950C90 is a highly promising adsorbent for the purification of 
contaminated water which is essential to achieving UN sustainable 
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development goal 6 (clean water and sanitation) (United Nations, 2022). 
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