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Hazardous reactive dyes can cause serious environmental problems, as they are difficult to remove from water
using conventional adsorbents due to their large molecular sizes and bulky structures. Sustainable mesoporous
carbons derived from alginic acid demonstrated promising adsorbent capacity for several representative in-
dustrial bulky reactive dye molecules that account for almost 30% of the global textile dye market: Procion
Yellow H-XEL (PY), Remazol Black (RB), Procion Crimson H-XEL (PC) and Procion Navy H-XEL (PN). These new
adsorbents showed high mesoporosity (>90%) and large pore diameters (>20 nm) facilitating more straight-
forward and efficient adsorption and desorption processes when compared with predominately microporous
activated carbon (AC), Norit, of similar surface chemistry, or with Silica gel (Sgel) that shows good mesoporosity
but is hydrophilic. Their adsorption capacity was also significantly higher than that of both AC and Sgel, veri-
fying suitability for bulky dye elimination from wastewater. Adsorption kinetic studies showed a best fit with the
Elovich model, indicating a heterogeneous surface adsorption process. The adsorption isotherm data was best
represented via the Toth model for almost all adsorbent/dye systems (R? > 0.98), validating the results of the
Elovich model whereby the adsorbent is structurally heterogenous with multilayer dye coverage. From ther-
modynamic analysis, the derived parameters of AG (—11.6 ~ —6.2 kJ/mol), AH and AS demonstrate a spon-
taneous, enthalpy controlled adsorption process that was exothermic for RB (—10.0 kJ/mol) and PC (-23.9 kJ/
mol) and endothermic for PY (3.9 kJ/mol) and PN (13.2 kJ/mol). Overall these alginic acid based mesoporous
carbons are cost-effective, sustainable and efficient alternatives to current predominantly microporous adsorbent
systems.

heavy metal ions and soluble organics (e.g. dyes), the latter is by far the
most problematic and expensive to treat (Batool, 2014).

The global production of pigments and dyes is over 7 x 10° tonnes
per year, with more than 70% being employed in the cosmetics, food,
paper and textile industries, and over 16% is lost during use (Chequer
et al.,, 2013). Additionally, apart from leaching, the dye industry is

1. Introduction

Increasing environmental pollution from industrial wastewater is of
major concern. Presently, only 2.5% of water on our planet can be

considered as fresh, and of that only 0.3% is accessible via rivers, lakes
and reservoirs (Stephens et al., 2020). With the human population
predicted to grow from a current 8 to 9.8 billion by 2050 (Getahun et al.,
2021), the demand for potable water will rise over the foreseeable
future, particularly in developing countries. Of the diverse contaminants
found in fresh water, such as colloidal suspensions (Liu et al., 2019),
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typically a high-water consumer generating large amounts of aqueous
waste (Chakraborty and Ahmad, 2022). Dye-containing sewage can
induce skin irritations, dermatitis, jaundice, mutagenesis and tumours in
humans (Jawad et al., 2017). It can also affect photosynthetic aquatic
life, reducing light penetration into the water and is toxic to some
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List of abbreviations

A90 Precursor for alginic acid-derived mesoporous carbon
prepared at 90 °C

A300 Alginic acid-derived mesoporous carbon pyrolysed at
300 °C

A450 Alginic acid-derived mesoporous carbon pyrolysed at
450 °C

A600 Alginic acid-derived mesoporous carbon pyrolysed at
600 °C

A800 Alginic acid-derived mesoporous carbon pyrolysed at
800 °C

A800..; A800 regenerated after adsorption

AC Activated carbon

Ato Toth isotherm constant

B Temkin constant of the heat of adsorption

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

b Temkin constant

Cc Intercept reflecting boundary layer effect

Co Dye concentration at the initial timing

Ce concentration of the dye solution at equilibrium

(o Dye concentration at a certain timing

CNT Carbon nanotube

HTAB Hexadecyltrimethylammonium bromide

K. equilibrium thermodynamic constant

Kr Freundlich constant

K, Langmuir constant

Kre Temkin binding constant

Ko Toth isotherm rate constant

k1 Pseudo-1st-order rate constant

ko Pseudo-2nd-order rate constant

ki Intraparticle diffusion rate constant

MC Mesoporous carbon

M,, Molecular weight

m Weight of adsorbent

P Equilibrium nitrogen pressure (porisimetry) at 77.4 K
Py Saturation nitrogen pressure (porisimetry) at 77.4 K
PC Procion Crimson H-XEL

PN Procion Navy H-XEL

nTo Toth exponent (system heterogeneity)
PY Procion Yellow H-XEL

PU Polyurethane

Qe Amount of dye adsorbed at equilibrium
Qm Maximum adsorption capacity

Q; Adsorption capacity at a certain timing
R Removal of dye

R Universal gas constant

R? Coefficient of determination

RB Remazol Black

SBET Specific surface area

SEM Scanning electron microscopy

Sgel Silica gel

T Temperature in Kelvin

Tp Pyrolysis temperature

t Time interval

Vv Volume of the dye solution

A Total pore volume

1/ng Freundlich affinity factor

a Elovich initial adsorption rate

B Elovich desorption constant

Amax Wavelength at the maximum absorbance
AG Gibbs free energy change

AH Enthalpy change

AS Entropy change

marine life due to the presence of metals and aromatic groups (Sajjad
et al., 2019). These factors, and an increased awareness of the dangers
and environmental impact of these dye molecules, have awoken a
pressing interest to find new, efficient solutions to deal with these
contaminants.

In this respect, remediation procedures can be divided into three
main categories: biological, chemical and physical. The first usually
requires long fermentation time making it unsuitable as a continuous
removal strategy (Rai et al., 2022). On the other hand, chemical ap-
proaches present the disadvantages of secondary pollution and the for-
mation of large amounts of sludge (Rezaei Kalantry et al., 2016). Finally,
physical treatments (ozonation, irradiation, membrane filtration, elec-
trochemical degradation, ion exchange, etc.) can be costly and are
known to generate hazardous by-products (Ahmad and Alrozi, 2011;
Rezaei Kalantry et al., 2016). However, contaminant entrapment via
adsorption, an approach that has been employed for many years, offers
economic feasibility, final product quality and the possibility, in some
cases, to recover the adsorbent (Alvarez et al., 2013).

In the remediation of these diverse aqueous contaminants, activated
carbon (AC) is the most widely used adsorbent (Bai et al., 2022; Wong
et al., 2018), with commercial types routinely made from cheap and
available precursors such as coal, lignite, peat, petroleum residue and
plants. (Khan et al., 2017; Ozdemir et al., 2014). However, ACs generally
exhibit high microporosity with an average pore diameter under 2 nm,
which limits the adsorption of bulky industrial molecules, such as
reactive azo dyes that contain two types of functional groups; a reactive
group that binds the dye molecule to the fibre and an azo (-N—=N-)
chromophore that is responsible for its colour. These molecules, which
represent almost 30% of the entire textile dye market and more than

50% of the dyes employed in the cotton industry (Sala et al., 2014), have
a typical molar mass between 1300 and 1600 g/mol and a complex
3D-structure.

Apart from the pore size restrictions of microporous adsorbents for
the adsorption of large dye molecules, there are numerous other factors
that can affect adsorption when treating aqueous contaminants. These
include the pore volume, available surface area and particle size, the
type of interaction between the dye and adsorbent, contact time, tem-
perature and, of course, the shape and size of the dye molecules, to name
a few (Rapo and Tonk, 2021). It can be seen therefore that the under-
standing of the nature of the pores and its influence of the on the
adsorption of bulky molecules from wastewater, especially those found
in textile waste streams, is of paramount importance.

To overcome some of the issues like pore size and volume limitations,
mesoporous carbons (MC) may present an interesting alternative to AC
for large bulky molecule removal, as they have shown potential in a
broad range of applications where the mass transport of chemicals to the
carbon surface is fundamental (Luque et al., 2011; Zheng et al., 2016).
Nevertheless, typical MC production is complex, costly and generally
considered to be non-sustainable, since petroleum-based precursors and
hazardous chemicals are used in their fabrication, requiring numerous
technological steps with a high energy input (Dapsens et al., 2012; Kong
et al., 2016; Uner et al., 2019). Subsequent attention has focused on
bio-derived sources for MC synthesis. For example, MCs have been
produced from diverse waste sources such as watermelon rinds (Uner
et al., 2019), pine wood chips, banana peels, pine leaves, etc., (Kong
et al., 2016). They can also be produced at scale from various poly-
saccharide sources, where a self-forming mesopore structure is gener-
ated during the steps of gelation and retrogradation in a relatively
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simple and sustainable process (Shuttleworth et al., 2013; White et al.,
2015). These materials, trademarked as Starbon®, have already
demonstrated extraordinary properties in the adsorption of small
organic molecules and certain metal ions (Munoz Garcia et al., 2015;
Parker et al., 2012; Sanchez et al., 2020), and their versatility makes
them promising candidates for the adsorption of large, bulky dye
molecules.

To date, the performance of Starbon® carbonaceous materials for the
adsorption of large voluminous industrial dye molecules and the rela-
tionship between surface functionality, pore size and pore volume has
not yet been assessed. Thus, the main objectives of this work were 1.) the
synthesis of a range of alginic acid-derived MCs prepared at different
temperatures, and 2.) investigation of the influence of mesoporosity and
surface functionality on the adsorption kinetics and thermodynamics of
four market-representative bulky reactive azo dyes. Finally, 3.) the study
of the desorption for one particular case to comparatively evaluate its
suitability in water treatment and its viability for adsorbent regenera-
tion and reuse. Due to the nature of the raw materials, the preparative
methods and the application field, the developed adsorbents can be
considered sustainable (Yi et al., 2021), and follow the basic principles
of the Circular Economy (Kiimmerer et al., 2020).

2. Materials and methods
2.1. Materials

The bulky dyes, Procion Yellow H-EXL (PY), molecular weight (M,,)
= 1416 g/mol; Remazol Black B (RB), M, = 991.82 g/mol; Procion
Crimson H-EXL (PC), My, = 1608 g/mol and Procion Navy H-EXL (PN),
M,, = 1336 g/mol were purchased from the Society of Dyers and Col-
ourists in Bradford, UK. Powdered activated carbon, Norit was pur-
chased from Fluka and washed with deionised water at 75 °C, filtered
and then dried in a vacuum oven before use. Silica gel (Sgel), high purity
grade with a pore size of 60 A and particle size 35-75 pm, was purchased
from Sigma-Aldrich. All other materials were used as received without
further purification.

The synthesis of Starbon® mesoporous materials derived from
alginic acid has been reported previously and consists principally of
three stages (White et al., 2008): gel formation, solvent removal and
pyrolysis, see Scheme 1.

More specifically, alginic acid was heated in water at a concentration
of 1:20 for 160 min at 90 °C, subsequently cooled to 5 °C and maintained
at this temperature for 24 h to yield a porous gel. The water was then
exchanged progressively with ethanol, followed by acetone and dried
under vacuum to produce the material A90 (Borisova et al., 2015;
Shuttleworth et al., 2010; White et al., 2008). The resultant mesoporous
alginic acid was then heated under a constant nitrogen flow to pyrolysis
temperatures (Tp,) of 300, 450, 600 and 800 °C to yield the materials

Solvent .
. Gelation exchange[" Temperature (in N,)
Sl 90°C, Ethanol 300°C 600°C
160 mins ~_» Acetone 450°C * 800°C
Alginic Gel A90 '
acid A300 A450 AG00 A800

PV(mPg") = 19 17 21 24
S, (Mg')= 319 457 503 555
PSum) = 54 67 58 74

Scheme 1. Schematic of the synthetic route to prepare the alginic acid derived
mesoporous carbonaceous materials, A300, A450, A600 and A800, where PV =
pore volume, Sgrr = BET surface area, and PS = particle size.
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A300, A450, A600 and A800, respectively. Unlike the case for meso-
porous starch transformation, an acid dehydration catalyst was not
required due to the presence of the acidic functionality in the precursor
(Shuttleworth et al., 2009, 2011).

2.2. Nitrogen sorption analysis

Samples were degassed for 5 h at 140 °C, or in the case of the ma-
terial A90 at 80 °C for the same time period. Nitrogen sorption isotherms
were recorded at 77.4 K using a Micromeritics Tristar 3000 Porosimeter
and the data obtained was analysed using the Micromeritics Tristar
software. Specific surface areas, mesopore volumes and pore size dis-
tribution were calculated according to the standard BET (Spgr) and BJH
methods. The t-Plot analysis used nitrogen adsorption data in the P/P,
range of 0.005-0.98 (Gregg and Sing, 1982), where P and Py denote the
equilibrium and saturation pressure of nitrogen at 77.4 K, respectively.
Total pore volume (V) was evaluated from nitrogen sorption data at a
Relative Pressure (P/Pgy) = 0.98-0.99.

2.3. Elemental analysis

Elemental analysis was carried out in duplicate using a Sartorius S2
analytical balance and a CE-440 Exeter Analytical Inc. Analyzer (War-
wick, UK) that had been calibrated with acetanilide standards and
verified with the internal standard S-benzyl thiouronium chloride
(analytical grade, Exeter Analytical). The inorganic ash content was
obtained by heating 100 mg of sample to 600 °C at 10 °C min ! in air,
and to attain mass stabilisation held at this temperature for 2 h using a
Netzsch STA 409 Simultaneous Thermal Analyzer.

2.4. UV-visible spectroscopy

UV-visible spectral analysis of the dye solutions was undertaken
employing a JASCO V550 UV-VIS spectrometer between 200 and 900
nm, with water as a reference, to obtain the wavelength at the maximum
absorbance (4max) for each dye. Calibrations were then carried out for all
dye compounds using the optimised A4 (nm) values found that corre-
spond to PY = 417 nm, RB = 595 nm, PC = 545 nm, PN = 607 nm. From
the linear relationship between absorption at A,y and the concentration
of the dye solutions, the coefficient of extinction of each dye was esti-
mated according to the Beer-Lambert law, see Figure S1 (ESI).

2.5. Scanning electron microscopy

Scanning electron microscopy (SEM) micrographs were recorded on
a SUB000 Hitachi SEM applying an acceleration voltage of 1.0 kV-D
~5.0 mm.

2.6. Lyophilisation

Round-bottomed flasks were charged with the filtered adsorbents
loaded with the different dyes, immersed in liquid nitrogen and then
freeze-dried for at least 24 h using a VirTis SP Scientific Sentry 2.0 freeze
drier with a vacuum of 100 mTorr and a condenser temperature of
—103.9 °C.

2.7. Dye structure modelling

Hyperchem software (Hypercube, Inc.) was used to optimise the
structure of the dye molecules, using a Parameterized Model number 3
(PM3, a semi-empirical method for the quantum calculation of molec-
ular electronic structure) applying the Polak-Ribiere molecular me-
chanics algorithm (RMS gradient was chosen equal to 0.0001 keal/A.
mol), a standard semi-empirical method for the quantum calculation of
molecular electronic structures.
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2.8. Adsorption, kinetics, intraparticle diffusion, isotherm and
thermodynamic analysis

The adsorption of the dyes was followed by UV-Vis absorbance
spectroscopy. Standard stock solutions (40, 50, 60, 70, 80, 90, 100, 120,
140 mg/L) of the dyes (PY, RB, PC and PN) were prepared. The
adsorption capacity (Qp) at a given time (t), was determined by the
following equation:

(G, -C)v
m

0= (€]
where,Cy and C; (ng LY are the dye concentration at t = 0 and ¢t,
respectively. V (L) is the volume of the dye solution, and m (g) the weight
of adsorbent. The removal of dye (R) was determined by the following
equation:

(Cu - C,)

0

R= x 100% 2)

Kinetics studies: The adsorption kinetics were determined by charging
to different 250 mL Erlenmeyer flasks containing 100 mL of the dye
solutions, 100 mg of each of the adsorbents, and then stirring at 200
rpm, under neutral pH and at 25 °C for different time intervals (from 30
to 4320 min). An exception was made for RB, where only 20 mg of
adsorbent was employed for 100 mL of solution. Afterwards, each dye
solution was prepared at a concentration that corresponds to one arbi-
trary unit of UV spectroscopy at the Anax wavelength, i.e., 65 mg/L for
PY, 31 mg/L for RB, 46 mg/L for PC, 61 mg/L for PN. Kinetic analysis
was carried out using nonlinear pseudo-lst-order (Largergren and
Svenska, 1898), pseudo-2nd-order (Ho and McKay, 1999) and Elovich
models (Chien and Clayton, 1980), which can be described using the
following respective equations:

0,=0.(1-¢™") (3)
_ szf,I

Qrf@ (C)]

Q,:%Zn(lJrav/ft) ©)

where, Q. is the amount of dye adsorbed (mg/g) at equilibrium, k;
(min 1Y) is the pseudo-1st-order rate constant of adsorption, ky (g mg™*
min~?) represents the pseudo-2nd-order rate constant, « is the initial
adsorption rate (mg g~* min™'), and g is the desorption constant (g
mg ).

Intraparticle diffusion: The intraparticle diffusion is rate limiting in
the adsorption process if a plot of adsorbates adsorbed versus the square
root of the contact time yields a straight line. The most widely applied
intraparticle diffusion equation for adsorption systems can be formu-
lated as (Weber Walter and Morris, 1963):

Q,=ki*’ +C (6)

where k; is the intraparticle diffusion rate constant (g§/mg min), and C
the intercept of the plot, which reflects the boundary layer effect or
surface adsorption.

Isotherm studies: Except for the RB system, which as previously
mentioned only employed 20 mg of the adsorbent, the adsorption iso-
therms of the dyes were evaluated by incorporating 100 mg of each
adsorbent to 100 mL of the solutions at different temperatures (25, 35,
45 and 55 °C). For the PY and RB systems, concentrations of 50, 60, 70,
80, 90, 100 mg/L were used, whilst for the PC and PN systems, con-
centrations of 40, 60, 80, 100, 120, 140 mg/L were employed.

The equilibrium amount of dye adsorbed onto the adsorbents was
determined using the following equation:
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(Co—Ce)-V
m

0.= (@]
where, C. is the concentration of the dye solution (mg/L) once the
adsorption process has reached equilibrium.

Further, Langmuir (1918), Freundlich (1906), Temkin (Temkin M,
1940) and Toth (Senthil Kumar et al., 2010) models were used to
investigate the adsorption isotherms, with their respective equations
expressed as follows:

_ QmKLCe
Q.= 1+K,.C, ®
0. =KyC, /™ ©)
0.=B ln(KTeCe) (10)
.= fne an

(GTO + C;’T“) 1/n1,

where, Qn, (mg g_l) is the maximum adsorption capacity, Ky, (L mg_l) is
the Langmuir constant related to the adsorption energy, Kg is the
Freundlich constant, 1/nF is the affinity factor, the constant B related to
the heat of adsorption can be expressed using formula B = RT/b, b is the
Temkin constant (J mol’l), R is the universal gas constant (8.314 J K1
mol™1), T the temperature in Kelvin, Kt (L g_l) is the Temkin binding
constant, Ky, (mg g’l) and ar, (L mg’l) are the Toth isotherm con-
stants, and nr, is the Toth exponent.

Thermodynamic study: the standard Gibb’s energy, enthalpy and en-
tropy for dye adsorption onto A800 were also estimated. The change in
the Gibbs free energy (AG) of adsorption is determined using Eq. (12),
where K, (equilibrium thermodynamic constant) values are obtained
from the constants derived from fitting the most appropriate isotherm
model (Toth, Kr,):

AG= —RTInK, 12)

The enthalpy changes (AH) and entropy changes (AS) are calculated
using Van’t Hoff equation (Eq. (13):
AH AS
nhK,=———+— 1
mhe= TR TR (13)
where, AH and AS respectively can be derived from the slope and the
intercept of the graphical form of Eq. (13).

2.9. Reusability of the adsorbents

The regeneration of the adsorbents was conducted using 3 methods:
A) Convective heating of the adsorbent to 800 °C at 10 °C/min; B)
Washing, where 10 mg of adsorbent was added to 10 mL of distilled
water or ethanol at 30 or 50 °C for 2 h under constant stirring (2 rpm);
and C) Indirect thermal treatment, which comprised of a combination of
warm ethanol washing and thermal treatment as described in methods
B) followed by A) respectively.

The reuse test was carried out by adding 10 mg of the adsorbent to a
10 mL PN dye solution, prepared at concentrations, Cy of 40, 60, 80,
100, 120 and 140 mg/L. For the RB dye, only 5 mg of the adsorbents
were used in 25 mL of the dye solution prepared at the same concen-
tration as that of the PN. In all cases, adsorption took place over a 72 h
period with constant stirring. Subsequently, the dye adsorption capac-
ities of the initial and regenerated adsorbents were calculated,
respectively.
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3. Results and discussion
3.1. Materials characterisation

The fundamental textural and chemical properties of AC, Sgel and
the alginic acid derived MC materials prepared at different temperatures
were investigated using nitrogen sorption analysis and elemental anal-
ysis, and the results presented in Table 1. Corresponding nitrogen
sorption isotherms and dV/dD pore size distributions are shown in
Figs. S2 and S3 of the Electronic Supporting Information, ESI.

From the C:H:O values of the alginic acid derived MCs in Table 1, it
can be observed that the H-content decreases linearly with temperature,
with AC showing a slightly lower value compared to A800. Additionally,
the C- and O-contents of the materials simultaneously increase and
decrease, respectively, in an almost linear manner up to 600 °C, and then
tail off, probably as a result of the change in the pyrolysis mechanisms
occurring: initially mainly dehydration, some decarboxylation and
demethylation reactions that progress to more decarboxylation and
demethylation at higher temperatures (Li et al., 2017). The C-content of
AC lies between those of the samples prepared at 600 °C and 800 °C. In
all cases, as the T}, increases the relative ash content also increases from a
value of around 7% for the A300 sample to 9% for A800. Regarding the
textural properties of the materials, it can be seen from the nitrogen
sorption isotherms (see ESI, Fig. S2) that they can be classified as Type
IVa, associated with capillary condensation within the mesopores, in
this case with pore widths >4 nm, as nitrogen was used for testing
(Thommes et al., 2015). The atypical hysteresis loop for these types of
materials can be assigned as Type H1, which suggests that the pore
geometry of the materials is cylindrical with a relatively high pore size
uniformity and good pore connectivity. From this data the BJH pore size
distribution (PSD) and BET surface area could also be derived. The BJH
adsorption and desorption PSD (see ESI, Fig. S3) of the prepared mate-
rials demonstrate that they are largely mesoporous materials (>90%,
also see Table 1) and present an ink-bottle type porous structure. Both
the BET surface area (A800 slightly lower than A600) and pore volume
of the prepared MCs (Table 1) increase with preparation temperature. In
the case of the BET values this is due to an increase in microporosity and,
in the case of pore volumes, due to an increment in pore diameter that is
around twenty times larger than that of AC. In addition, although the
surface area of AC is greater than that of the A300 — A800 materials, its
mesoporous content is low. On the other hand, Sgel presents a similar
level of mesoporosity, but a lower surface area and is more hydrophilic.
To understand how the textural properties of the prepared samples
differ, their scanning electron micrographs (SEM) are shown in Fig. 1. It
can be seen that prior to expansion, alginic acid has a relatively smooth
texture, and afterwards, all samples are nanostructured with
well-developed porosity. The samples A90 to A450 present a
cauliflower-like texture, whereas the structures of A600 and A800 are
significantly different demonstrating a much more uniform and open
porous structure. That of AC (see Fig. S4, ESI) is similar to the
lower-temperature prepared Starbon® materials being more compact
with poorer access to the internal porous regions.
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To understand the presence of surface charge on the adsorbents and
the nature of polar or ionic groups that can influence it, the pH point of
zero charge (pHp,) was determined for the alginic acid prepared
carbonaceous materials (A300, A450, A600 and A800), see Fig. S5. It
can be seen from the data that the pH,,,. values increased from 7.4 to 8.9
with increasing T, a trend in good agreement with previously published
research (Jung et al., 2016). The change of pHp,. towards a more basic
character can be attributed to the loss of oxygen and the formation of
proposed pyrone, chromene and quinone structures on the surface
(Dabrowski et al., 2005). In the case that pH < pHp,, the adsorbent
surfaces will be protonated and become electropositive. Therefore,
neutral pH conditions were only considered for this initial study to in
order to maintain the surface charges of all materials approximately the
same.

3.2. Removal efficiency

To compare removal efficiencies of the bulky dye molecules using
the prepared mesoporous carbons to those of AC and Sgel, systematic
adsorption tests were conducted following strict kinetic study condi-
tions. The results are presented in Fig. 2 and summarised in Table 2,
where it can be seen that dye adsorption is generally more efficient for
the carbonaceous adsorbents than for the Sgel. This finding cannot be
explained by the textural properties of Sgel alone, which exhibits a
surface area around 300 m? g~! and a pore volume and pore diameter
twice and ten times greater than that of the AC, respectively (Table 1),
but rather by its hydrophilicity and the hydrophobic nature of the dye
molecules. The latter conclusion is confirmed by the observed adsorp-
tion capacity of the various Starbon® adsorbents, which increases
sharply with an increase in the T, and, as such, with an increase in
hydrophobicity. It should be noted that the percentage mesopore con-
tent of these materials are similar (Table 1). Such dependences may
indicate that effective dye adsorption does not occur due to the dyes
reactive anionic sulphate groups, but rather their aromatic functionality
and its interaction with the adsorbents conjugated aromatic regions that
are predominate in the materials prepared at higher temperature
(Shuttleworth et al., 2013). Furthermore, adsorption via this type of
conjugated aromatic system could facilitate a more compact dye
configuration on the surface and multilayer adsorption (Qiu et al.,
2009).

AC and A800 show similar hydrophobicity, but in the latter case a
much larger pore volume, pore diameter, and higher degree of meso-
porosity is observed, demonstrating why it presented the best perfor-
mance of all the adsorbents tested. In addition, its hydrophobic
character will significantly hinder competitive adsorption of water
molecules, which form clusters at localised regions where existing hy-
drophilic active centres are present (there is a small percentage of
different oxygen-containing groups on the surface) (Barton et al., 1984;
Dubinin et al., 1955; McCallum et al., 1999; Miiller et al., 1996).
Alternatively, in the case of the hydrophilic adsorbents prepared at
low-temperature, strong water adsorption on their hydrophilic surfaces
can reduce or prevent accessibility of the dye to this surface, explaining

Table 1

N, sorption data and elemental (Carbon, C; Oxygen, O; Hydrogen, H) analysis of the porous adsorbents.
Adsorbent Sper/m> g1 PVpyp/cm® g ! 2PDpax/Nm PPDyiax/nm “Micro./% Meso./% CHO (%)® Ash8 (%)

C H of

A800 555 2.4 27 20 7 90 82.4 1.3 7.4 8.9
A600 593 2.1 24 23 7.1 91 80.2 2.3 8.9 8.6
A450 457 1.7 22 17 6 92 72.7 3.2 16.6 7.5
A300 319 1.9 23 17 2 93 63.5 3.8 26.1 6.6
AC 744 0.3 1.3 1.0 78 10 81.0 1.3 6.5 11.2
Sgel 299 0.7 10.0 8.0 8 85 - - - -

PV=Pore volume; *Maximum pore diameter (adsorption); bMaximum pore diameter (desorption); “microporosity; dmesoporosity; ¢values obtained from the minimum
of two tests, error <0.2%, fderived from the difference; ®Residual ash % determined using TGA in an oxidising environment.
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Fig. 1. SEM of a.) alginic acid, b.) expanded alginic acid (A90), c.) A300, d.) A450, e.) A600 and f.) A800. Conditions: SU8000 Hitachi SEM, 1.0 kV-D ~5.0 mm.

the poor results for the materials prepared at 300 °C (A300) and 450 °C
(A450) (Franz et al., 2000; Kaneko et al., 1989). Therefore, the superior
adsorption values obtained for A800 originate from it being the most
hydrophobic of the alginic acid derived mesoporous carbonaceous ma-
terials tested. Furthermore, the surface of this material is chiefly
composed of large aromatic 2D-conjugated regions (graphitic-like)
facilitating n-n interactions between the aromatic rings of the bulky dye
molecules and the electron-rich layers of the adsorbent (Qiu et al., 2009;
Shuttleworth et al., 2013).

Interestingly, albeit AC has a similar hydrophobicity and higher
surface area, as determined from nitrogen sorption analysis, it adsorbed
significantly less dye than A600 and A800. This emphasizes the
importance of the textural properties of the adsorbents for bulky dye
molecule adsorption. AC is highly microporous with much smaller pore
diameters, which is of critical importance not only for the rate but also
for the efficiency of adsorption of these molecules. Although the BET

surface area of AC is higher than A800, its actual surface availability to
the bulky dye molecules will be significantly lower.

Further analysis of the data after 72 h (see Table 2) shows that the
greatest dye uptake for most of the adsorbents was seen for RB. This is
probably due to its smaller size and planar structure in contrast to the
other larger and more bulky dyes, as can be appreciated from their 3D
structures (see ESI Figure S6 and Table S1). To better understand these
differences in the textural properties of the adsorbents, more detailed
analysis of their BJH dV/dD PSDs were conducted (Table 1 and Fig. S3,
ESI). It was found from both the adsorption and desorption PSDs peak
maxima’s that the pores of both A800 and AC are ink-bottled shaped
with similar ratios, corresponding to 1.35 and 1.3, respectively, as
shown in Scheme 2.

From this information on the relative sizes of the pores and the dyes,
it is clear that the diameter of the pores in A800 are large enough to
allow the bulky dyes to enter and diffuse through its mesoporous



H.J. Abdoul et al.

Environmental Research 221 (2023) 115254

100 100
a.) b.)
80 —=- A800
o ~&- A600
® ; A A450
=
2 60 g —%7-A300
g A
k-] S —®- Sgel
> 401 o0
o [4
20 4
0+ <&
T T T T T 1 T T T T T 1
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
100 — Time/ minutes g )100 _ Time/ minutes
=2
3
3
2
]
0
T
©
z
o
T T T T T 1 T T T T T 1
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Time/ minutes

Time/ minutes

Fig. 2. Removal of the dyes using the adsorbents A300, A450, A600, A800, AC and Sgel as a function of time, with the initial concentration of dye corresponding to
one arbitrary unit of UV-VIS absorbance of the dye solution at Ama.x, where a.) PY b.) RB, c.) PC and d.) PN. Conditions: dye solution volume 100 mL; concentration 65
mg/L for PY, 31 mg/L for RB, 46 mg/L for PC, 61 mg/L for PN; pH neutral; temperature 25 °C; stirring rate 200 rpm; adsorbent dosage for RB 20 mg, for PY, PC and

PN 100 mg.
Table 2
Dye adsorption load (mg g’l) for each adsorbent tested after 72 h (4320 min).
Adsorbent PY/mg g~ * RB/mg g’ PC/mg g~ ! PN/mg g !
A800 58 141 40 48
A600 50 122 33 39
A450 41 97 17 20
A300 0.4 0.1 1 0.3
AC 20 81 8 7
Sgel 0.5 3 0.6 0.3

Note//the calculated error for the obtained values are <1%.

channels without restriction, whereas, those of AC are too small to be
effective. This explains how the pore volume and size of the adsorbent
can affect the dye uptake efficiency in terms of capturing the large dye
molecules, and why AC with significantly smaller pores could not be
loaded to high dye concentrations.

3.3. Adsorption kinetics

Adsorption kinetics is fundamental to describe adsorption efficiency
and can be employed in the design and optimization of adsorbents.
According to the removal results, the adsorbents A450, A600 and A800
demonstrated good adsorption properties toward the dyes and hence,
were selected along with AC for the kinetic study (see Fig. 3 & Fig. S7).
Fig. 3 shows the experimental kinetics data fitted with pseudo-1st-order,
pseudo-2nd-order and Elovich models, while the obtained specific
fitting parameters are presented in Table S2. As can be seen for all the
dye systems, the adsorption efficiency of the adsorbents followed the
order: A800 > A600 > A450 > AC, which is congruent with the removal
results. During the initial stages of adsorption, both A800 and A600

showed a high adsorption rate for all the dyes tested and then slowly
reached equilibrium, whilst A450 showed a relatively slow rate of
adsorption towards both PC and PN throughout the whole process. It
should also be noted that at every time interval the Q; values of A800
were superior to those of A600 and A450, indicating that it is un-
doubtedly the best adsorbent for the selected dyes. From the literature,
for adsorption of the dye RB on a carbon adsorbent derived from sugar
beet, Dursun et al. found that the pseudo-2nd-order model fitted the
kinetic data better than the pseudo-1st-order model (Dursun et al.,
2012), suggesting that the adsorption of their system occurred on a
homogeneous surface. Likewise, in this study the pseudo-2nd-order
model provided a better fit to the data than the pseudo-1st-order
model for all the dyes tested but, importantly, the Elovich model was
found to be the most appropriate for the tested adsorbents, implying that
the adsorption process occurs on a heterogeneous surface (Aljeboree
et al., 2017).

3.4. Intraparticle diffusion model

When using particulate porous adsorbents to remove contaminants
from solution, data treatment using the intraparticle diffusion model can
provide extra insight into how adsorption proceeds. From the results
obtained in Fig. 4 it is clear that the adsorption rate was controlled by
diffusion, suggesting a physical process. In the AC and A450 systems,
straight lines can be observed for the dyes PC and PN, implying that in
these cases diffusion onto the outer adsorbent surface is the dominant
process during adsorption (Valderrama et al., 2008). However, for most
of the other adsorbent-dye cases, multi-linear plots are observed that are
divided into two or three stages. The first, with a steeper gradient can be
attributed to the diffusion of adsorbates through the solution to the
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Scheme 2. Comparative schematic of the size and shape of the PY dye molecule alongside the average pore sizes of A800 and AC, with scales shown.

external surface of the adsorbent or the boundary layer diffusion of the
adsorbates. The second stage represents gradual adsorption, where
intraparticle diffusion is rate-limiting, and the third stage is attributed to
the final equilibrium state (Ofomaja, 2010). This implies in these cases
that the intraparticle diffusion of the dyes into the inner pores of the
adsorbents is the rate-limiting step in the adsorption process, particu-
larly over long contact time periods (Cheung et al., 2007). Thus, in order
to further elucidate the adsorption mechanism, isotherm and
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Pore of AC

thermodynamic studies were undertaken as described below.
3.5. Adsorption isotherm analysis

When evaluating diverse adsorption systems, isotherm studies are
important since they provide information on the maximum adsorption
capacity and furnish certain energetic (Temkin model) and affinity
(Freundlich model) perspectives and interaction mechanisms. Since
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Fig. 3. Kinetic data fittings on the initial stages of dye adsorption using the adsorbents A450, A600 and A800, where a.) PY b.) RB, c.) PC and d.) PN. Conditions: dye
solution volume 100 mL; concentration 65 mg/L for PY, 31 mg/L for RB, 46 mg/L for PC, 61 mg/L for PN; pH neutral; temperature 25 °C; stirring rate 200 rpm;

adsorbent dosage for RB 20 mg, for PY, PC and PN 100 mg.

A800 demonstrated the best adsorption performance, this adsorbent was
selected for a more rigorous isotherm analysis. The Langmuir, Freund-
lich, Temkin and Toth models were all fitted to the experimental data
(Fig. 5) with the derived parameters summarised in Table 3. The
Langmuir model assumes that adsorption occurs on a homogeneous
surface and that it is monolayer. The Freundlich model also showed a
satisfactory fit of the data and provides further information on the af-
finity factor, 1/np with values < 1 confirming favourable adsorption
under the chosen experimental conditions (Salehi and Farahani, 2017).
Regarding the two most commonly applied models (Langmuir and
Freundlich, describing the homogenous and heterogeneous adsorption
processes, respectively), the obtained R? values, albeit reasonable, are
not sufficient to best represent the experimental data. This finding cor-
roborates the complex nature of the adsorption process, which cannot be
described using standard models. The Toth isotherm model, developed
to improve upon the Langmuir isotherm model for heterogeneous
adsorption systems, was applied with the exponent nr, corresponding to
the system heterogeneity. Here, the further ny, deviates from unity, the
more heterogeneous is the system (Saadi et al., 2015). In the examples
shown, this model best represents the data, as shown by the higher R?
values and its suitability for multilayer heterogeneous systems. All the
calculated nr, values display deviations from unity, revealing that the
adsorption process takes place at multilayer level and, to a certain
extent, on heterogeneous surfaces. The better fit of the Toth model
compared to the Freundlich model (also suitable for heterogeneous
surfaces) is likely due to its greater feasibility for both low and high

adsorbate concentrations (Khan et al., 2015). The heterogeneous nature
of the adsorption process is also in agreement with the aforementioned
findings from the Elovich kinetic assessment.

Furthermore, by evaluating the raw isotherm curves without fitting
(see Fig. S8, ESI), it can be seen that the majority present a multi-step L-
type isotherm indicating that the dye adsorption process is occurring
through relatively weak attractive forces, such as van der Waals forces,
and that the molecules are initially adsorbed flat on the surface. A short
plateau followed by a bulge in the curve implies that the adsorbed
molecules generate a new surface that can adsorb more adsorbate
molecules with almost the same affinity as the original adsorbent surface
(Bonilla-Petriciolet et al., 2017). This means that free dye molecules in
solution are also attracted to molecules already adsorbed, resulting in
multilayer adsorption. Accordingly, in this case, the Langmuir model
fails to adequately describe the adsorption process and provide the
theoretical Q. Nevertheless, the Q,, values of A800 can still be deter-
mined using the largest Q. values from the isotherm curves, i.e., 90.7
mg/g for PY, 270.2 mg/g for RB, 66.5 mg/g for PC and 73.1 mg/g for
PN.

The experimental data can also be well described using the Temkin
model that also presents high R? values. However, ideally the fitted
curves should have good correspondence with the data used within the
presented range. For the PY, RB and PC systems, the Temkin fittings
show apparent deviations from the experimental data in the early stages,
while this phenomenon is not obvious in the PN system. Thus, it appears
that the Temkin model can only be used to explain some of the



H.J. Abdoul et al.

3.4. Intraparticle diffusion model

Environmental Research 221 (2023) 115254

wd  AC 140+ A600 = PY
1 e RB
120 - 120 - « —* 4 PC
// v PN
100 - 100 "
//./
) )
R - B 8- —
© 60 / < 60
. -/
40 40 / [
20 ° 20 / A
0 s o 1
B T T T T T T 1 B T T T T T T 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
5 (min"%) ] % (min"*)
1401 A800 . 140 A450
120 - 120
100 -| 100
’\g, % ’\o\n 5 /
on - on —
E E
S 6] < 60|
40 -
20
0- T 1
0 70
% (min"*) £ (min"®)

Fig. 4. Intraparticle diffusion modelling of the dyes adsorbed onto AC, A800, A600, and A450, respectively. Conditions: dye solution volume 100 mL; concentration
65 mg/L for PY, 31 mg/L for RB, 46 mg/L for PC, 61 mg/L for PN; pH neutral; temperature 25 °C; stirring rate 200 rpm; adsorbent dosage for RB 20 mg, for PY, PC

and PN 100 mg.

adsorption characteristics of the PN system. Based on the Temkin con-
stant (B), the heat of adsorption (b) can be calculated (236.59, 232.98,
329.29 and 301.46 J/mol) at various temperatures (298, 308, 318, and
328 K). Obviously, as the temperature increased, the value of b also has a
tendency to increase, revealing that the adsorption in this case was
endothermic (Kim and Kim, 2019).

For comparison purposes, the isotherm study of dye adsorption onto
AC was also undertaken, with the results shown in Fig. S9, ESI. Here, the
isotherm curves display a decreasing trend with increasing temperature
for PY and RB, whereas for PC and PN the opposite is observed. Thus, the
adsorption of PY and RB onto AC was found to be exothermic, whilst in
the case of PC and PN it was endothermic. Furthermore, the isotherm
curves are highly complex and unsuitable for modelling.

3.6. Thermodynamic analysis of the dye adsorption process

The thermodynamics of the adsorption process is another crucial
aspect that not only provides information on its feasibility, but also
whether the interaction between the adsorbate/adsorbent occurs via
physi- or chemisorption. The results for the adsorption process of the dye
molecules onto A800 are presented in Table 5 (and Fig. S10, ESI).

The negative AGyqgs values in Table 5 indicate that adsorption onto
A800 was feasible for all the dyes and spontaneous within the temper-
ature range (298-328 K) (Evbuomwan and Atuka, 2014). Moreover, the
absolute values of the enthalpy of adsorption (AH,q4s) are <40 kJ/mol,
verifying that the dyes were physiosorbed onto the adsorbent surface
(Alahabadi and Moussavi, 2017; Bonilla-Petriciolet et al., 2017). The
thermodynamic parameters of enthalpy (AH,gs) and entropy (AS,gs) of
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adsorption for the different dyes are significantly different, manifesting
the complex nature of the large dye molecule adsorption on the adsor-
bent surface. The positive AH,gs and AS,qs values for the PY and PN
systems demonstrate that adsorption in these cases was endothermic,
which is verified from the increase in adsorption with temperature.
Furthermore, positive AS,qs indicates that the dye adsorption process
was complemented by a degree of disorder that incremented within the
solid/liquid interface (Zarrouk et al., 2012). This phenomenon could be
explained by the displacement of large amounts of water molecules
attached to the adsorbent surface per dye molecule adsorbed, leading to
an overall increase in the degree of freedom of the system as a whole
(Cheng et al., 2016). For the dyes RB and PC, AH,q; is negative repre-
senting an exothermic adsorption process (a simple adsorption process
must be exothermic) and that adsorption is less favourable with
increasing temperature. Moreover, unlike the cases of PY and PN, the
adsorption process is enthalpy controlled, i.e. the enthalpic contribution
is higher than the entropic contribution. In the case of RB, the low ASyqs
value signifies that no remarkable changes occurred, and for PC with a
negative AS,qs suggests a decrease in the degree of randomness at the
solid-liquid adsorbent interface. In all cases, the actual value of the ASygs
will depend on the shape, size, nature of the dyes, the adsorbent’s sur-
face and pore structure.

3.7. Adsorption mechanism

The paramount findings of this work are that for carbon-based ad-
sorbents, mesoporosity, pore volume and chemical functionality all play
key roles in the adsorption of the selected bulky dye molecules. From the
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Fig. 5. Isotherms of dye adsorption onto A800 for (a) PY, (b) RB, (c) PC and (d) PN. Conditions: dye solution volume 100 mL; concentration 50, 60, 70, 80, 90, 100
mg/L for PY and RB; 40, 60, 80, 100, 120, 140 mg/L for PC and PN; pH neutral; temperature 25, 35, 45 and 55 °C; stirring rate 200 rpm; adsorbent dosage for RB 20

mg, for PY, PC and PN 100 mg.

initial dye removal results (section 3.2), adsorption performance
increased with adsorbent T}, with A800, the most hydrophobic being the
most efficient. In contrast, the control AC that is chemically similar, but
predominately microporous presented a much poorer dye uptake, and
only surpassed the hydrophilic adsorbents, A300 and Sgel. It was found
from the IPD analysis that the rate of dye adsorption was controlled by
the diffusion and evidently, differences were observed not only for the
different adsorbents, but also in terms of the size and shape of the dyes.
In the case of AC, intraparticle diffusion occurred principally onto the
outer adsorbent surface, whereas for A800 it was within the inner pore
network, suggesting that the dyes had better access to the inner porous
structure of the MC. This is corroborated from the nitrogen sorption data
(see below in Section 3.9) of the A800 sample after 72 h adsorption that
demonstrated both a reduction in pore volume and shift in PSDs peak
maximums to higher values (data not shown) meaning that adsorption
was occurring principally within its mesoporous regions. In terms of the
dyes, RB diffused the quickest due to its smaller size, followed by PY,
likely related to its more ridged and folded structure, and then the other
two dyes, PC and PN that are either more bulky or bulky and longer.
Furthermore, as endorsed by both the kinetic and isotherm studies
adsorption occurred on heterogenous and multilayer surfaces, with
evaluation of the raw data of the latter confirming that the dye mole-
cules adsorbed flat on the adsorbent surface via relatively weak attrac-
tive forces and that the adsorbed molecules adsorb more of the dye
molecules with a similar affinity to the adsorbent surface. This suggests
that the aromatic dye molecules are interacting principally via n-n
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interactions with the graphitic-like aromatic 2D-conjugated regions of
the adsorbents surfaces rather than ionic interaction with the dyes
reactive anionic sulphate groups, and once adsorbed attract other dye
molecules via similar n-n interactions forming a multilayer. Finally,
thermodynamic analysis established that the dye molecules were phys-
ically adsorbed onto the carbon surfaces, and that the adsorption process
was both feasible and spontaneous.

3.8. Adsorption performance comparison

In Table 6, a comparison of the maximum adsorption capacity (Qn)
of the dyes tested with those found in the literature are presented.

In the case of the dye PY, A800 outperformed all other materials,
ranging from talc to modified ACs, and in some cases with even higher
Cp values due to its more suitable textural properties. As for RB, the
performance of A800 (270.2 mg/g) is superior to most of the carbona-
ceous materials and ranks only second to Brazilian pine-fruit shell AC
(446.2 mg/g). Furthermore, compared with the microporous activated
carbon felt (20 mg/g), A800 showed obvious advantages, again veri-
fying the critical role of mesoporosity. In the cases of PC and PN, A800
also showed good adsorption capacity and is only surpassed by mineral-
based adsorbents (i.e., pyrophyllite) with similar Cy values or samples
tested under very high Cj values. In this case, of the samples with similar
Cy values, for the PC dye it was found that the pyrophyllite was chem-
ically bound to the dye via its Lewis acid sites coordinated by the AI3*,
compared to simple physical adsorption for A800. For the PN dye, the
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Table 3
Isotherm parameters for PY, RB, PC and PN dye adsorption onto A800.
Dyes Isotherm Model Parameters 25°C 35°C 45°C 55°C
PY Langmuir Qm 76.179 93.815 106.773 88.699
Ky 1.755 0.530 0.508 1.214
R? 0.958 0.981 0.967 0.995
Freundlich 1/ng 0.170 0.289 0.345 0.187
Kg 48.434 40.716 42.760 53.462
R? 0.959 0.971 0.935 0.943
Temkin B 10.115 18.442 22.907 13.324
Kre 121.561 7.275 5.415 49.024
R? 0.988 0.990 0.982 0.994
Toth Kro 58.352 57.292 65.241 65.753
aro 1x 1071 1.5 x 1071° 7.1 x 1071° 1x 107
nro 0.830 0.711 0.655 0.813
R? 0.993 0.994 0.985 0.989
RB Langmuir Qm 362.963 334.445 296.416 329.369
Ky 0.057 0.046 0.052 0.033
R? 0.992 0.994 0.996 0.996
Freundlich 1/ng 0.391 0.401 0.368 0.444
Ky 59.599 49.148 50.909 36.230
R? 0.942 0.954 0.975 0.938
Temkin B 85.146 79.588 67.538 81.973
Kre 0.481 0.380 0.475 0.248
R? 0.992 0.995 0.997 0.995
Toth Kro 97.792 81.995 80.527 65.109
aro 1.7 x 1071° 2.4 x 10715 2.8 x 10715 1.6 x 10715
nro 0.609 0.599 0.632 0.556
R? 0.992 0.994 0.997 0.992
PC Langmuir Qm 71.026 74.120 84.667 110.747
Ky 14.043 4.938 12.935 11.227
R? 0.976 0.989 0.972 0.977
Freundlich 1/ng 0.323 0.416 0.513 0.630
Kr 15.850 9.284 5.961 3.558
R? 0.972 0.982 0.942 0.958
Temkin B 14.489 16.941 19.436 22.686
Kre 0.981 0.345 0.208 0.136
R? 0.987 0.992 0.973 0.972
Toth Kro 23.412 15.923 12.229 9.625
aro 5.6 x 10°1° 1x10 1 1x10°14 4.4 %1071
nro 0.677 0.584 0.487 0.370
R? 0.993 0.995 0.980 0.983
PN Langmuir Qm 59.526 66.667 64.779 67.543
Ky, 0.134 0.203 0.482 0.437
R? 0.956 0.988 0.994 0.975
Freundlich 1/ng 0.249 0.216 0.149 0.167
Kr 19.258 26.167 34.919 34.088
R? 0.902 0.969 0.945 0.906
Temkin B 10.472 10.991 8.029 9.046
Kre 2.680 5.206 49.254 27.949
R? 0.974 0.996 0.995 0.983
Toth Kro 25.648 33.390 41.004 40.922
are 2.9 x 10716 1x1071 2.9 x 10716 1x1071
nro 0.751 0.784 0.851 0.833
R? 0.979 0.994 0.991 0.981

Bentonite was specifically modified with HTAB chains to improve its
adsorption. However, despite its good adsorption properties its sus-
tainability profile is questionable. Overall, AB00 shows good all-round
adsorption performance for all the bulky reactive dyes tested with the
advantage of being sustainable and cost-efficient to produce, substan-
tiating its promise in the area of water remediation.

3.9. Dye desorption study and re-use of the regenerated A800 for dye
adsorption

Since A800 demonstrated the maximum dye adsorption capacity of
all the adsorbents tested, the feasibility of its regeneration was assessed.
A800 was loaded with the individual dyes as described in the method-
ology section, filtered and then freeze dried (Borisova et al., 2015). The
porosity of these doped materials was then tested, with the results
provided in Fig. 6a.

From the results of the doped A800 materials, a large reduction in the
materials pore volume can be seen. These observations verify that the
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dye molecules are indeed accumulating principally due to their size
within the mesoporous regions of the A800 material.

As reported in our previous studies, Starbon® materials prepared at
high-temperature have excellent chemical and thermal stability (Shut-
tleworth et al., 2013). Accordingly, solvent elution and thermal treat-
ment can be adopted to regenerate the A800. This was initially trialled
by: A) heating the materials to 800 °C at 10 °C min ™, and B) mixing
with water and ethanol at 30 and 50 °C during 24 h. Only these solvents
were tested as they are considered cheap, renewable and environmental
friendly (Salavagione et al., 2017). Unfortunately, both methods were
unsuccessful, with desorption values of only around 31% and 50%
respectively. In the case of the thermal treatment, the dyes were found to
degrade and form char within the pores, rather than volatilizing. How-
ever, protocol C), combining methods A) and B), led to almost complete
dye removal and preservation of the pore structure for further reuse.
This involved initially washing the doped A800 with warm ethanol
(50 °C) to remove the bulk of the adsorbed dye and then heating it at
10 °C min~! to 800 °C under nitrogen. For this test only two dyes were
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Table 5
Thermodynamic parameters obtained from the adsorption of PY, RB, PC and PN
using A800.

Dyes T InK,  AG (kJ AH (kJ AS (J mol? R?
(K) mol 1) mol™?) Kb

PY 298  4.07 -10.1 3.9 46.9 0.75
308 405 —10.4
318 418 -11.0
328 419 -11.4

RB 298 458 —11.4 -10.0 4.4 0.92
308 441 -11.3
318 439 -116
328 418 -—11.4

PC 2098 315 -7.8 -23.9 —54.2 0.99
308 277 -7.1
318 250 -6.6
328 226 6.2

PN 298 324 -8.0 13.2 71.7 0.89
308 351 -9.0
318 371 -9.8
328 371 -10.1

Table 6

Comparison of A800 with other reported adsorbents for the adsorption of the
bulky dyes tested.

Dye Dye Adsorbent Qm Co Reference
type (mg/g)  (mg/
L)

PY HE-4R PU foams from 2.1 1000 Goes et al. (2016)
cellulose
CNT 5 100 Yu et al. (2005)
TiO, 8 100 Yu et al. (2005)
TiO2+AC 13 100 Yu et al. (2005)
TiO2+CNT 14 100 Yu et al. (2005)
Tamarind seed- 45.8 2500 Chaiyapongputti
derived powder et al. (2014)

H-EXL Synthetic talc 8.5 200 Rahman et al. (2013)
A800 90.7 140 This work

RB B Tamarind seed- 12.4 2500 Chaiyapongputti

133% derived powder et al. (2014)

B Microporous AC 20 20 Donnaperna et al.
felt (2009)

Brazilian pine- 74.6 200 Cardoso et al. (2011)
fruit shell
Carbonised Beet 80 500 Dursun et al. (2012)
pulp
Carbonised pine- 180 100 Hanafy et al. (2020)
fruit shells
Brazilian pine- 446.2 200 Cardoso et al. (2011)
fruit shell AC
A800 270.2 140 This work

PC Red H- PU foams from 2 250 Goes et al. (2016)

E7B cellulose
Tamarind seed- 61.1 2500 Chaiyapongputti
derived powder et al. (2014)

H-EXL Pyrophyllite 71 150 Giicek et al. (2005)
Distiller waste 504.5 2000 Sener (2008)
derived particles
A800 66.5 140 This work

PN H-ER Tamarind seed- 66.3 2500 Chaiyapongputti
derived powder et al. (2014)

H-EXL Na-Bentonite 20 25 Gulgonul (2012)
HTAB-modified 250 25 Gulgonul (2012)
Bentonite
A800 73.1 140 This work

employed, the large bulky PC and the smallest, RB. It is likely that the
ethanol removed the dye molecules blocking the pore apertures, aiding
better flow through to the internal nanostructured pore system of the
adsorbent. On heating, the remaining adsorbed dye molecules were able
to diffuse out of the pore channel network and volatilise instead of
charring.

To further verify the usefulness of the A800 (method C) material,
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from here on referred to as A800,.g, obtained after RB adsorption and
regeneration, its capacity to adsorb both the dyes RB and PN from
aqueous media was retested and a direct comparison was made with the
original A800 sample, with the normalised percentage data shown in
Fig. 6b. From the results it can be seen that the adsorbent A800;.; has a
similar or slightly better dye adsorption capacity than A800. The largest
performance reduction was <13% for RB, demonstrating that the
desorption method developed was effective and that A800 can be reused
for dye removal in water streams. Re-use of the regenerated adsorbents
for water treatment implies reduced costs and will potentially enable the
recovery and reuse of some of the valuable trapped dye molecules.

4. Conclusions

Mesoporous carbonaceous materials derived from alginic acid, a
sustainable polysaccharide, were employed in the adsorption of bulky
organic dye molecules from aqueous media. The maximum dye
adsorption capacity of A800 prepared at high-temperature was found to
far exceed that of AC as well as a range of other sustainable alternatives
reported by several authors. This was attributed to its larger pore di-
ameters and overall higher degree of mesoporosity. It was also estab-
lished that apart from the importance of the adsorbent’s textural
properties, the shape and size of the bulky dye molecules have an
important effect on their adsorption. For instance, the adsorption ca-
pacity of the smaller, planar RB dye molecule was greater on all accounts
than the bulkier and non-planar PY dye molecule. In the case of AC and
AB800 it was proposed that the adsorption mechanism proceeds via n-n
interaction between the aromatic groups of the dye molecules and the
adsorbents graphitic-like surface. The isotherm study shows that the
obtained data fits well with the Toth model, suggesting a multilayer and
heterogeneous adsorption process. Additionally, the thermodynamic
parameters of free energy, enthalpy and entropy demonstrate that
adsorption was spontaneous and favourable.

Furthermore, as A800 has good chemical and thermal stability,
desorption and reuse were feasible. Three methods of desorption were
tested, and a combination of ethanol wash followed by thermal treat-
ment was found to be most effective, allowing near complete regener-
ation of the A800’s textural properties. Upon retesting the dye
adsorption from aqueous media using the A800,¢; material it was found
to be almost identical to that of the initial AB0O material, confirming its
suitability for reuse.

These results are particularly important where water pollution by
large organic dye contaminants is of major concern. Further, these
alginate-based Starbon® materials present attractive advantages from a
sustainability standpoint since they are derived from natural, renewable
resources and the relative ease of regeneration and reuse are fully
consistent with principles of the Circular Economy.
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