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Abstract

Biosorbents are an alternative pollutant adsorbent, usually sourced from waste biomass and requiring little to no treatment.
This makes them cheaper than conventional adsorbents. In this paper, green pea (Pisum sativum) haulm was used as a
biosorbent for the adsorption of methylene blue dye. The potential application of pea haulm as a biosorbent has not been
investigated before. Characterisation using scanning electron microscopy, infrared spectroscopy and thermal gravitational
analysis showed the surface to be coarse, detected functional groups important for adsorption and identified the composi-
tion of key biomass components. The effects of particle size, contact time, agitation, dosage, solution pH, temperature and
initial dye concentration on the removal of MB by pea haulm were investigated. Using the data from these studies, the best
fitting kinetic and isotherm models were found and the thermodynamic properties were identified. The maximum theoreti-
cal adsorption capacity was 167 mg/g, which was relatively high compared to other recent biosorbent studies. The pseudo-
second-order adsorption kinetic and Freundlich adsorption isotherm models were the best fitting models. The biosorption
process was exothermic and spontaneous at low temperatures. It was concluded that pea haulm was an effective adsorbent
of methylene blue and could perhaps find application in wastewater treatment.

Keywords Biosorption - Agricultural waste - Low-cost adsorbent - Methylene blue adsorption - Adsorption isotherms -
Adsorption kinetics

1 Introduction

Textile pollution is a major contributor to water pollution.
Coloured dyes are used in many industries such as textiles,
paper, cosmetics, printing, food processing, leather, wool,
and plastics [1-3]. They also consume large amounts of
water, often resulting in significant effluent. It is estimated
that 20% of clean water is polluted by the dyeing and fin-
ishing industry [4]. A large component of textile effluent is
the unfixed dye. On average, about 10 -15% of unfixed dyes
are released into water bodies after processing [5]. Basic
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dyes can be as little as 2%, whereas more reactive dyes can
be as high as 50% [6]. In 2012, it was estimated that 200
billion litres of textile effluent were produced annually [7].
This pollution is mostly concentrated in newly industrialised
countries, which saw rapid industrialisation but lacked pol-
lution management. In 2017, It was estimated that 70% of
groundwater was polluted in India and 90% in China; both
have significant textile industries [35, 8].

Dye pollution is an environmental and health issue. It
causes chemical and biological changes in polluted water
bodies. Pollutants consume dissolved oxygen, causing
aquatic animals to asphyxiate. Colour changes in the water
prevent light from penetrating, resulting in the plants dying
[3]. Even small amounts (less than 1 ppm) of some dyes
are visible in the water [9]. This can cause entire under-
water ecosystems and those that depend on them to per-
ish. Most dyes are carcinogenic, mutagenic and can cause
severe health hazards [10]. This can be deadly to animals
and humans who rely on the water.
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There are many dyes available with different structures
and properties. Dyes are hard to degrade because they are
resistant to biodegradation, light, oxidising agents, biologi-
cal activity, ozone and aerobic digestion and have high sta-
bility [10-13].

Unfixed dues must be removed from the effluent before
itis released. A popular and effective method is the adsorp-
tion of the dissolved dye molecules using an adsorbent, and
the most commonly used is activated carbon. However, it
is expensive and demanding to produce, newly industrial-
ised countries may not have the funding and infrastructure.
Biosorbents are a cheaper and highly available alterna-
tive. They are cheaper because the only processing steps
are washing and milling. A disadvantage is their smaller
adsorption capacity, and the heterogeneous nature of plant
matter leads to variation. This alternative adsorbent would
be ideal in areas with high water pollution but no access to
activated carbon.

There has been much interest in biosorbents over the
decades, and they continue to be investigated due to dif-
ferent biomass yielding different results. Some impressive
examples with high adsorption capacities are knotgrass,
brewer's spent grain, fungi, berry seeds and soybean hulls
[14-18]. To avoid unnecessary shipping, different biomass
needs to be tested to see which local sources are appropri-
ate for industrial sites. In this project, agricultural pea waste
(haulm) from Yorkshire, England, was used.

The green pea (Pisum sativum) was used in this project,
specifically the haulm. Pea haulm has not been investigated
as a biosorbent before. Generally, vegetables will generate
30% (w/w) waste during harvesting and processing [19]. The
waste biomass is often used to fertilise the soil or baled up to
feed animals, but there is more than enough waste biomass
to achieve this [20]. Green peas are part of the lignocellu-
losic family, the most abundant source of solid waste glob-
ally, comprising more than 60% of plant biomass produced
by photosynthesis [21].

A commonly used dye in adsorption experiments is
methylene blue (MB), a heterocyclic aromatic compound.
It has the chemical formula C,;¢H4CIN;S, a molecular
weight of 319.9 g/mole and a Amax of 665 nm. MB is a
cationic dye, which is presumed to have the highest toxicity
[22, 23]. MB can burn eyes, leading to permanent injury
in humans and animals; when inhaled, it can cause breath-
ing problems; when ingested, it can burn the mouth, cause
nausea, vomiting, gastritis, profuse sweating, confusion,
micturition and methemoglobinemia [24]. MB is primarily
used in the acrylic, silk, nylon and wool dyeing industries
[22]. The existence of an aromatic ring in the dye structures
makes them highly toxic and mutagenic for human beings
and aquatic life [25]. MB has a pronounced cationic feature
in the amino group [15]. This suggests better adsorption in
high pH. The structure of MB can be seen in Fig. 1.
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Fig. 1 Structure of methylene blue

This paper aims to answer whether waste pea haulm
would make an effective biosorbent with an application in
wastewater treatment and what variables affect adsorption.
Waste pea haulm has not been investigated as a biosorbent
before but offers an abundant supply of material. To answer
this, the effects of particle size, contact time, agitation, dos-
age, solution pH, temperature, and initial dye concentration
on MB removal by pea haulm were investigated. The results
were used to fit theoretical kinetic and isotherm models to
the adsorption process and determine the thermodynamic
properties.

2 Materials and methods
2.1 Materials and Equipment

Pea waste was collected from farms in The Yorkshire region,
England. It was washed, dried, and stored at 60 °C. It was
milled using a Luvele Power-Plus 2200 W commercial
blender and Waldner household mill lady to a fine powder.
The powder was sieved by hand using Verder Scientific test
sieves of various aperture. MB was bought from Sigma-
Aldrich and used as received by dissolving in a deionised
water solution. The dye mixtures were heated and agitated in
a Stuart shaking incubator SI5S00. The mixtures were filtered
using Whatman Grade 1 filter papers. The concentration of
the dye was found using ultraviolet—visible spectroscopy
(UV-Vis) spectroscopy, using a Jenway 7310 spectropho-
tometer, using a wavelength of 665 nm. pH was altered
using citric acid and sodium hydroxide bought from Sigma-
Aldrich. Solutions with a pH of 2 and 12 were made and
diluted as required and tested using pH test strips.

The milled pea haulm was analysed using scanning
electron microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDX) using a TM4000plus tabletop micro-
scope. Fourier transformed infrared analysis (FTIR) was
performed using a Nicolet iS5 FTIR Spectrometer. A spec-
trum range of 525-4000 cm™! was used with a resolution
of 4 cm™!. Thermo-gravimetric analysis (TGA) was per-
formed using a TGA 4000 unit by PerkinElmer. A temper-
ature range of 50-800 °C was used with a thermal gradient
of 20 °C/min under nitrogen. The pH of zero charge was
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found by mixing 0.15 g of biomass with 0.01 mol/L NaCl
and dissolved in 100 mL of deionised water and then alter-
ing the pH to 2, 4.5, 7, 9.5 and 12 using 0.1 mol/L HCl and
NaOH [26]. After 24 h, the new pH was recorded. The pH
was measured using Preciva PH Meter.

2.2 Methods

Batch adsorption was chosen because of availability,
facility of operation and reliability, other methods such as
oxidation and flocculation produce mud, and membrane
separation requires high pressures [27]. The following
adsorption experiments are based on the methodology of
previous studies on the adsorption of MB using biosor-
bents [14, 15, 18, 28, 29]. Like these other studies, the
effects of dosage, solution pH, residence time, solution
temperature, initial dye concentration, particle size and
agitation were investigated. However, this paper focuses
on the biosorption of MB using pea haulm, of which there
have been no previous studies. There have been studies on
pea peels, but these are different waste products [2, 22].
Every experimental run was repeated three times to avoid
inaccuracy.

2.2.1 Methylene blue calibration curve

A calibration curve was required to understand the relation-
ship between UV light absorbance and MB concentration.
Known MB concentrations were analysed using UV—-Vis
at an absorbance wavelength of 665 nm. A line graph was
created using MB concentration against the UV absorbance
value. This curve could be used to translate UV-Vis absorb-
ance to MB concentration.

A calibration curve was also required when filtering the
pea haulm out of the dye mixtures. This is because some
of the dye was absorbed by the filter paper during filtra-
tion. Known MB concentrations were filtered, and then, the
filtrate was analysed using UV-Vis. This would reveal how
much of the dye was lost to the filter papers. A line chart of
pre-filter concentrations against post-filter concentrations
was made.

2.2.2 Effect of particle size on biosorption

Pea haulm was milled and then sieved to size ranges of
500-200 pum, 200-50 pm and < 50 um. 0.01 g of the dif-
ferent sized biomass was added to a 20 mL of 50 mg/L
MB solution (giving a dosage of 0.5 g/L). The solution
was agitated at 120 rpm and heated to 30 °C for 4 h.

The solution was filtered of solids, diluted and analysed
using UV—Vis.

2.2.3 Effect of agitation rpm on biosorption

0.01 g of <50 um biomass was added to 20 mL of 50 mg/L
MB solution. The solution was heated to 30 °C and agitated at
0, 60, 120 and 180 rpm for 4 h. The solution was then filtered,
diluted, and analysed using UV—Vis.

2.2.4 Effect of contact time on biosorption

0.01 g of <50 um biomass was added to 20 mL of 50 mg/L
MB solution. The solution was heated to 30 °C and agitated at
120 rpm. Solutions were filtered after a period ranging from
0.5 to 1440 min. For 0.5 min, the pea haulm was added, gen-
tly shaken and then immediately filtered. The solutions were
then filtered, diluted, and analysed using UV—Vis to find the
removal of MB.

2.2.5 Effect of haulm dosage on biosorption

0.01, 0.05 and 0.1 g of <50 um biomass was added to 20 mL
of 50 mg/L MB solution (0.5, 2.5 and 5 g/L, respectively).
The solution was heated to 30 °C and agitated at 120 rpm.
After 4 h, the solution was filtered, diluted, and analysed using
UV-Vis to find the removal of MB.

2.2.6 Effect of solution pH on biosorption

0.01 g of <50 um biomass was added to 20 mL of 50 mg/L. MB
solution. The solution pH was altered to 4.85, 7, 8, 10 and 12 using
a citric acid or sodium hydroxide solution instead of pure deionised
water. The solution was heated to 30 °C and agitated at 120 rpm.
After 24 h, the solution was filtered, diluted, and analysed using
UV-Vis to find the removal of MB.

2.2.7 Effect of initial concentration and temperature
on biosorption

0.01 g of <50 pm biomass was added to 20 mL of 25, 50, 75
and 100 mg/L solutions. The solutions were heated to 30 °C
and agitated at 120 rpm. After 24 h, the solution was filtered,
diluted, and analysed using UV-Vis to find the amount of MB
removed. This was repeated at 45 and 60 °C.

2.2.8 Adsorption kinetics
The pseudo-first- and second-order kinetic models were used
in this study. The nonlinearised and linearised pseudo-first-

order (PFO) kinetic model can be seen in Egs. 1 and 2, respec-
tively [30].
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q, = q,(1 —e™h") (1

In(q, —q,) =1n(q,) — k1 )

where g, is the amount of MB adsorbed (mg/g) at time
t (min), g, is the amount of MB adsorbed (mg/g) at equi-
librium, and k; is the PFO rate constant of the adsorption
(min~"). For pseudo-second-order (PSO) kinetics, the non-
linearised and linearised PSO kinetic model can be seen in
Egs. 3 and 4, respectively [31].
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k, is the PSO rate constant of the adsorption processes
(g mg~! min71).

2.2.9 Adsorption isotherms

The Langmuir, Freundlich, Temkin & Pyzhev (TP) and
Dubinin & Radushkevich (DR) isotherm models were used
in this study. The nonlinearised and linearised Langmuir
isotherm equation is seen in Egs. 5 and 6, respectively [32]:

QmakaCe
7= T+x0C, ®)
N B
qe B QmakaCe Qmax (6)

C, is the concentration of MB at equilibrium (mg/L), Q..
is the maximum amount of adsorbate adsorbed at equilib-
rium when the adsorbent is saturated (mg/g), and k; is the
Langmuir isotherm constant which is related to the affinity
of the binding sites and the adsorption free energy (L/mg).
The separation factor (R;) was also found using the Lang-
muir isotherm constant, seen in Eq. 7 [33].C;, is the initial
MB concentration (mg/L).

1

R =— 1
LT 1+ K,C, 0

The nonlinearised and linearised versions of the Freun-
dlich isotherm can be seen in Egs. 8 and 9, respectively [34]:

g, = Kp(C)'" 8)

In(g,) = In(K,) + ~In(C,) ©

n
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K is the Freundlich constant related to the adsorption
capacity ((mg/g) (L/mg)"/™), and  is an empirical parame-
ter associated with the intensity of adsorption and indicates
heterogeneity. The nonlinearised and linearised equation
of the TP isotherm can be seen in Eqs. 10 and 11, respec-
tively [35]:

q, = %Tln(KTce) (10)

RT RT
q, = Fln(KT) + ?ln(ce) an

R is the universal gas constant (8.314 J/(K-mol)), T is the
absolute temperature in Kelvin, B is the TP constant related to
the heat of sorption (J/mole), and K is the equilibrium con-
stant corresponding to the maximum binding energy (L/mg).
The nonlinearised and linearised equation of the DR isotherm
can be seen in Egs. 12 and 13, respectively [36]:

g, = Q50" (12)

In(q,) =In(Q,,) — Kpe* (13)

Q,, is the maximum adsorption capacity (mg/g), K, is the
DR Isotherm constant (mol*/kJ?), and ¢ is the Polanyi poten-
tial. The Polanyi potential is calculated using Eq. 14 [36]:

1
=RTIn( 1+ —
€ n( + Ce> (14)

The mean free energy of adsorption can be found using the
DR Isotherm constant and Eq. 15.

1

(2Kp)

E= (15)

E is the mean free energy of adsorption, which is the free
energy charge when one mole of ion is transferred from infin-
ity in the solution to the surface of the sorbent (kJ/mole).

2.2.10 Adsorption thermodynamics

To find the thermodynamic properties of enthalpy, entropy
and Gibbs free energy, the following equations were used. The
formula to find the apparent equilibrium constant, K, can be
seen in Eq. 16:

CAdse
K. = -
=7 (16)

e

C s . 1s the concentration of MB adsorbed by the adsorbent
at equilibrium (mg/L). The Gibbs free energy can be calcu-
lated using the equilibrium constant, seen in Eq. 17:
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AG = —RTIn(K,) (17

AG is the Gibbs free energy change (J/mol). The enthalpy
and entropy of the MB adsorption can be found Using the
Gibbs free energy and temperature, seen in Eq. 18:

AG = AH — TAS (18)

AH is the enthalpy change (J/mol), and AS is the entropy
change (J/mol K).

2.2.11 Model validity

The best-fitting models cannot be found using only the cor-
relation coefficient (R?) and require other forms of model
validity evaluation [27]. The goodness of fit was evaluated
using the sum of the squared estimate of errors (SSE) and
the root-mean-square error (RMSE). These methods of eval-
uation have been used in similar adsorption studies [11, 27,
37]. SSE was found using Eq. 19:

SSE= )", Geyp = deat)” (19)

where g,,, is the adsorption derived from experimental
and q,,, is the calculated adsorption from the kinetic or iso-
therm study. RMSE was found using Eq. 20:

RMSE = 1/ % (20)

Fig.2 a) Magnified pea
haulm x 100 magnification, b)
magnified image X 500 magni-
fication, ¢) EDX spectra of pea
haulm

where N is the number of data points. The best fitting
model will have an R? value that is closest to 1.0 and the
lowest SEE and RMSE values.

3 Results and discussion
3.1 Characterisation
3.1.1 SEM and EDX

SEM images were taken of the pea haulm milled
to <50 um. The aim was to find any porous structure that
may suggest a high adsorption capacity. The images can
be seen in Figs. 2A and B.

It can be seen in Figs. 2A and B that the surface appears
very coarse and heterogeneous. The heterogeneous nature
of raw biomass causes inconsistencies in the adsorp-
tion results. It contains many cracks and crevices but
also rigid and ordered fibres despite being finely milled,
which is characteristic of a lignocellulosic structure [15].
The particles are all less than 50 microns on at least one
side. A course surface suggests many folds and undula-
tions, increasing surface area. The increased surface area
can increase access to surface adsorption sites assisting
adsorption. This relationship is explored in Sect. 3.2,
the effect of particle size, where the surface-to-volume
ratio changes. The material likely does not have micro-
and nanostructures due to the lack of treatment. This will
mean it has low porosity. Due to the low surface area and
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porosity, it can be assumed that pea haulm uses chemi-
cal mechanisms to adsorb MB rather than physical. It
highlights the importance of the surface chemistry of the
biosorbent. In another study, SEM images after adsorption
showed a smooth surface and reduced porosity due to the
impregnation of MB onto the surface [14].

From the SEM images, an EDX scan was taken. The spec-
trum can be seen in Fig. 2C. This revealed the elemental
composition of the material surface. The surface was 54.1%
carbon, 40.9% oxygen and the rest other inorganics. As
expected from biomass, the pea waste was found to be about
half carbon and half oxygen. There are a few trace elements
that are normal for plant material. No nitrogen was identi-
fied. In the EDX spectrum of other biomass, a small peak
of nitrogen can be seen between the large peaks of carbon
and oxygen [14, 18, 28]. It could be assumed that the large
carbon and oxygen peaks may have overlapped a small peak
of nitrogen. In another study, EDX spectra after adsorption
showed an increased amount of nitrogen and silica, showing
MB had been adsorbed to the surface [14].

3.1.2 FTIR

Pea haulm was analysed using FTIR. FTIR was used to find
important functional groups that would help adsorption and
suggest a high adsorption capacity. The annotated spectrum
can be seen in Figs. 3A and B.

The spectrum should show groups found in cellu-
lose, hemicellulose and lignin. To identify the functional
groups, the spectrum was compared with those from lit-
erature. The wide trough at 3326 cm™! is likely OH groups
associated with cellulose and lignin [14, 15]. The small
troughs at 2933 cm™', 2888 cm™' and 2850 cm™! are likely
aliphatic C-H groups associated with lignin [14, 15]. The
trough at 1729 cm™! is likely a C =0 group of carboxylic
acids or esters, associated with hemicellulose [14, 15].

100 1513

95 " 1729
2850
© ‘////,/fn
2888 1612
85 2933
S 3326 1421
X g0
s 893
£ 75 1366
£
€ 70 1316
C
C
= 65 1230
60 1148
1021
55
3800 3300 2800 2300 1800 1300 800

Wavenumber (cm-1)

Fig.3 Pea haulm FTIR spectrum, a) spectrum between 3700—
2700 cm™', b) spectrum between 1800-800 cm™!

@ Springer

The trough at 1612 cm™' is likely akene C=C groups
or C=0/N-H groups of amide I [15-17]. The trough at
1513 cm™! is likely N—-H/C-N groups of amide II [15]. The
trough at 1421 cm™! is likely aromatic C =C groups [14].
The trough at 1366 cm™" is likely methyl C-H groups [16,
17]. The trough at 1316 cm™! is likely an aromatic ring
group [18]. The troughs at 1230 cm™! and 1021 cm™! are
likely C-O groups of carboxylic acids, present in lignin
[15, 18]. The trough at 1148 cm™' is likely the aromatic
rings of lignin or C-O groups [16, 18]. The trough at
893 cm™! is likely C-H linkages in cellulose [15, 17, 18].
There is evidence of hydroxyl, carbonyl, carboxyl, ester
and aromatic groups, which are important for adsorption
and explained in Sect. 3.1.5 [26].

3.1.3 TGA

TGA was used to estimate the composition of biomass
components. Hemicellulose degrades at 220-315 °C, cel-
lulose degrades at 315—400 °C, and lignin degrades over
160-900 °C [38]. The TGA data are seen in Fig. 4. The
dotted lines are the degradation temperatures of the main
components in biomass.

The TGA curve can be broken into different mass losses.
This can be used to give a rough estimation of the compo-
sition. The weight loss before 160 °C was assumed to be
volatiles such as moisture, and it can be assumed that 3%
of the biomass is volatiles. It was assumed that lignin is
lost at a rate of 0.033%/°C based on the mass lost between
160-220 °C and 400-800 °C, meaning 22% is lignin. Once
lignin is subtracted, there remains 18% hemicellulose, 37%
cellulose and 20% ash. The weight continued to decrease
beyond 800 °C, so ash content is likely much lower and
lignin higher. The composition is represented in Fig. 5.
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Fig.4 TGA of pea haulm, points at 160, 220, 315 and 400 °C, mark-
ing the key thermal degradation points of hemicellulose, cellulose
and lignin and the mass loss (wt%) at these points
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Hemicellulose,
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Fig.5 Pea haulm composition
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Generally, pea peels contain 75% cellulose and hemicel-
lulose [21]. In this study cellulose and hemicellulose make
up only 55%. The increased lignin content is likely due to
the rigidity required in the stalks and vines of the pea plant.

3.1.4 PH of zero charge

The zero-point charge indicates the external surface charge
of the material [18]. The intersection of the initial and final
pH corresponds to the pH of zero charge (PZC). This graph
can be seen in Fig. 6.

The pH pyz) was about 4.75. This means that when pH is
lower than 4.75, the biosorbent surface is positively charged
and when the pH is above 4.75, the surface of pea haulm is
negatively charged [26]. Since MB is cationic, it is expected
that a negatively charged surface will promote adsorption.

3.1.5 Adsorption mechanism

Cellulose, hemicellulose and lignin contain benzene
rings, hydroxyl and carboxyl groups. These groups were

Hydrogen

bonding 1t stacking

Cation
exchange

/N

e
G@/j

Fig. 7 Possible methylene blue adsorption mechanisms

Electrostatic
attraction

Biosorbent

Average MB Adsorption (mg/g)
w
o

200-500

<50 50-200

Particle size (um)
Fig.8 Effect of particle size on methylene blue adsorption

identified in the FTIR characterisation. These groups
will interact differently with the structure of MB, caus-
ing the MB to adhere to the surface of the biosorbent.
The interactions have been described in other works [15,
18]. Interactions include the n stacking between benzene
rings in MB and the biosorbent [28]. Another interac-
tion is the net positive charge of MB, leading to elec-
trostatic attraction to negative groups on the biosorb-
ent. Another interaction is hydrogen bonding between
the biosorbent and the MB. A final interaction is cation
exchange between the MB molecule and the biosorbent.
This means biosorbents with a large amount of ben-
zene, hydroxyl and carboxyl groups will likely be better
adsorbents. Figure 7 illustrates these possible adsorption
mechanisms.

3.2 Effect of particle size on biosorption

Particle sizes of 500-200, 200-50 and < 50 um were used to
adsorb MB. The results can be seen in Fig. 8.

@ Springer



Biomass Conversion and Biorefinery

It is shown that small particle size is most effective for
adsorption. Adsorption occurs on the surface of the adsor-
bent. A smaller particle size increases the surface to volume
ratio, increasing the available adsorption sites. Due to the
success of the particles below 50 pm, this size was used in
the other investigations.

Particle size has been investigated in other studies [28].
They used size of <36,<160, and <425 pm. They also
found that decreasing particle size increased adsorption. In a
different study, they used sizes of 425, 600 and 850 um [39].
They found that the two smaller sizes were not significantly
different, but 850 um had a lower adsorption capacity. This
suggests that the benefit of small particle sizes may stop at
a certain point.

A lot of energy is required for size reduction, and han-
dling the material becomes difficult. A finer material will
become suspended easily, potentially leading to a loss of
material. The particles can cause respiratory problems or
even cause dust explosions. Particles of less than 10 microns
can make their way deep into the lungs [40]. Milling pro-
duces heat that can alter the biomass. The heat from differ-
ent milling processes can denature proteins, reduce amino
acids, and reduce saturated fatty acids in wheat flour [41].
This could negatively affect the biosorbent’s effectiveness.

3.3 Effect of agitation rpm on biosorption

The effects of agitation on biosorption were tested using an
rpm of 0, 60, 120 and 180. The results can be seen in Fig. 9.

It was found that agitation of 120 rpm had the most
favourable effect on MB adsorption. It was also found that
0, 60 and 180 rpm had an equal effect. One possible reason
for this could be the small particle size and low dosage. It
could be assumed that the biosorbent particles were evenly
dispersed throughout the dye mixture and small enough
to avoid overlapping and aggregation. Therefore, a lack of
agitation would not be entirely detrimental. The reason the
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20

10
0
Agitation (rpm)

Fig.9 Effect of agitation on methylene blue adsorption
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adsorption decreases at 180 rpm may be because of a slight
centrifugal effect, separating the biosorbent from the dye.
With a larger particle size and dosage, the effect of agitation
would likely be more significant.

The agitation has been investigated in another study
[29]. They used an rpm of 50-150 with 100 mL of 5 mg/L
MB solution and with a dosage of 2.5 g. No particle size
was recorded. They used a lower dye concentration and
higher dosage, but they also noted agitation had little effect
on adsorption. They concluded that the slight increase in
biosorption was caused by increased diffusion and more
MB molecules at the liquid—solid boundary layer. They also
wrote that this would decrease the thickness of the liquid
boundary layer. They speculated that the agitation may have
also caused the biosorbent to fragments, further increasing
its surface area.

Increasing agitation will help the transportation and
mass transfer of dye molecules through the boundary layer,
increasing surface interactions. These increased interactions
should lead to a faster equilibrium and increased adsorption.
With no agitation, the solids will settle to the bottom of
the solution, decreasing the available adsorption sites. An
alternative scenario is that the biosorbent may float, unable
to break the surface tension of the solution.

3.4 Effect of contact time on biosorption

The effect of contact time was investigated. A contact time
of 0.5-1440 min was used. The results are displayed in
Fig. 10.

It was found that MB adsorption increased as contact time
was extended. This is because the mixture was yet to reach
equilibrium, and not all the active adsorption sites were
filled. Equilibrium was on average reached after about 4 h
when the adsorption sites were fully saturated. The highest
adsorption achieved experimentally in this investigation was
87 mg/g at 1440 min. Saturation occurs when the majority
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Fig. 10 Effect of contact time on methylene blue adsorption
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of sites are filled and the negatively charged MB molecules
will repulse the remaining MB molecules on the biosorbent
surface. It is important to know when equilibrium is reached
because a longer processing time will increase production
costs.

It can be seen that the biosorption process occurs almost
immediately, suggesting a high affinity. Even when the
biosorbent is added and then quickly removed after 30 s,
48% of the MB is removed. The average results varied
significantly. This is likely due to the heterogeneous nature
of the biosorbent. Biomass is made up of different compo-
nents and is not uniform or consistent. This results in var-
ied adsorption capacities making biosorbents unreliable.

3.5 Effect of haulm dosage on biosorption

The effect of adsorbent dosage on biosorption was inves-
tigated. A dosage of 0.5, 2.5 and 5 g/L. was used. The
results can be seen in Fig. 11, showing MB adsorption and
removal simultaneously.

It can be seen in Fig. 11 that increasing the dosage
increases the MB removal. This is because the number
of available adsorption sites increases. This improvement
will stop at higher dosages because the lack of dispersion
causes adsorption sites to overlap and aggregate, reduc-
ing the surface area. The maximum experimental MB
removal was 89%, using 0.1 g of biosorbent. When dos-
age increases, the adsorption decreases. This is because
there are more unsaturated sites per mass of biosorbent,
reducing the efficiency.

It is important to maximise the efficiency by adsorbing
as much pollution using as little adsorbent as possible. In
some scenarios, multiple passes using a low dosage may
be preferable over a single pass using a larger dosage. This
will take advantage of the higher adsorption capacity of
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Fig. 11 Effect of biosorbent dosage on methylene blue adsorption and
removal

lower dosages. A dosage of 0.01 g was used in the other
investigations to maximise the adsorption value.

3.6 Effect of solution pH on biosorption

The effect of pH on MB adsorption was investigated. pH
values of 4.85, 7, 8, 10 and 12 were used. Figure 12 shows
how pH affected MB adsorption.

It can be seen that the adsorption capacity increases in
alkaline conditions. The adsorption capacity increased sig-
nificantly after a pH of 10. A pH lower than 7 resulted in a
lower adsorption capacity. A pH lower than 4.85 resulted
in low adsorption that the calibration curve could not accu-
rately translate. The solution at low pH was visually darker,
confirming this. This correlates with the pH of zero charge
which was about 4.75. At pHs lower than 4.75, the surface
will be positively charged and repel positively charged MB
particles.

Most studies had similar results, with adsorption increas-
ing with a higher pH and decreasing with a lower pH [14, 15,
17, 42]. MB is cationic and attracted to negative charges. In
acidic conditions, the surface of the biosorbent will be posi-
tively charged. The negative charges from the carboxyl and
hydroxyl groups are reduced by the high concentration of H*
ions [14]. At a higher pH, The surface will be more nega-
tively charged, increasing the electrostatic attraction between
the biosorbent and pollutant. The carboxyl and hydroxyl
groups will become completely deprotonated increasing the
negative charge [15].

In some other studies, pH did not affect adsorption [18].
This is because the biosorbent surface was negative in all
circumstances.

In some other studies, adsorption decreased with both an
increase and decrease in pH [29]. They concluded that at a
high pH the overwhelming negative charge resulted in the
dye becoming deprotonated as well, causing the pollutant
and adsorbent to repel each other [29]. However, they used
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Fig. 12 Effect of solution pH on methylene blue adsorption
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a very high dosage and very low MB concentration, which
may have affected the outcome.

3.7 Effect of initial concentration on biosorption

The effect of the initial MB concentration on adsorption
was investigated. Initial concentrations of 25, 50, 75 and
100 mg/L were used. Figure 13 shows how the initial con-
centration affected adsorption and removal.

It can be seen that the adsorption capacity increases
with the initial MB concentration. This is because there
are more MB molecules, increasing the chance of inter-
actions with the surface of the adsorbent. The increase
in interactions means it is more likely for previously
unfilled adsorption sites to be filled. The adsorption
capacity is likely to increase beyond 100 mg/L. How-
ever, higher concentrations were not investigated due to
the increased dilution leading to a decrease in calibra-
tion curve accuracy. The adsorption capacity should stop
increasing when the maximum adsorption capacity is
reached. The maximum adsorption capacity is important
because it is used to determine how effective the mate-
rial is for adsorption. The highest adsorption capacity
achieved experimentally was 153 mg/g at 100 mg/L. The
maximum adsorption capacity can also be found theoreti-
cally using adsorption kinetics or isotherm models.

3.8 Effect of solution temperature on biosorption

The effect of temperature on biosorption was investigated.
Temperatures of 30, 45 and 60 °C and initial MB concentra-
tions of 25, 50, 75 and 100 mg/L were used. The results can
be seen in Fig. 14.

It can be seen that a lower temperature is better for adsorp-
tion, so it can be assumed that the process is exothermic. This is
because the state of adsorption has lower energy than the MB
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Fig. 13 Effect of initial MB concentration on methylene blue adsorp-
tion and removal
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solution, resulting in a loss of energy. These results were used in
the isotherm and thermodynamic study. Exothermic results were
shown in similar studies [16, 18, 42]. It was suggested that the
increased temperature might weaken the intermolecular bonds
between the MB molecules and biosorbent [42].

It is important to know the effects of temperature on
adsorption because applying heat to the mixture would use
significant energy and cost money. Since the process is exo-
thermic, it can be performed efficiently and safely at room
temperature. It also means heating restrictions will not limit
the dimensions of the filtration vessel.

3.9 Determination of adsorption kinetic model

The kinetic model is used to mathematically describe the
adsorption mechanism of the dye molecules moving through
the bulk solution to the biosorbent surface. The PFO and
PSO kinetic models were used in this investigation.

For PFO kinetics, Eq. 2 was used to build a linear curve
using the data from Fig. 10 and an axis of /n(g,-q,) and t.
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Fig. 15 Lagergren (1898) pseudo-first-order-linear kinetic model and
Ho & McKay (1998) pseudo-second-order linear kinetic model plot-
ted with experimental results
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Table 1 Kinetic model parameters

Model Parameter Value
Gefexp)ME/L) 82

Pseudo-first-order Goear(ME/L) 28
ky(min~1) 0.0036
R? 0.9288
SSE 21,651
RMSE 49

Pseudo-second-order Gecar(ME/L) 83
ky(g mg™! min~") 0.000642
R? 0.9991
SSE 2,461
RMSE 16.5

This curve was used to find g,, k; and R*. These values were
fitted into Eq. 1 and plotted in Fig. 15. For PSO kinetics, a
linear curve can be made using Eq. 4 and the data in Fig. 10
using an axis of #/g, and ¢. This curve was used to find g,
k, and R?. These values were fitted into Eq. 3 and plotted in
Fig. 15.

The parameters of the kinetic models are summarised
in Table 1. gy, is the highest experimental adsorption
achieved at 50 mg/L. g, is the theoretical adsorption
capacity.

The PSO kinetic had a higher R? value and lower SSE
and RMSE than the PFO kinetic model, and the calculated
adsorption capacity was closer to the experimental adsorp-
tion capacity. This means the PSO kinetic model can be used
to describe the process. Most biosorbents can be described
using PSO kinetics.

3.10 Determination of isotherm adsorption model

An isotherm model can be used to describe mathemati-
cally the equilibrium between the dye concentration in
the bulk solution and the dye adsorbed by the adsor-
bent. Different models use different assumptions. The
Langmuir isotherm is one such model. It assumes the
surface is uniform, adsorption energy is dispersed evenly,
each adsorption site contains one adsorbed molecule,
molecules do not interact, adsorption leads to a mon-
olayer, and the process is irreversible [16, 28, 39]. These
assumptions allow the monolayer capacity to be calcu-
lated. Equation 6 can be used to form a linear line using
the data seen in Fig. 13 and using an axis of //g, and 1/C,
to find the k;, Q,,,. and R”. The values were used in Eq. 5
and plotted on Fig. 16 with the experimental values for
comparison. Since the process is exothermic, the 30 °C
isotherm will be the focus of the investigation.

Using the Langmuir isotherm constant, the separation
factor can be identified using Eq. 7. It identifies whether
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Fig. 16 Langmuir (1916) isotherm, Freundlich (1906) isotherm, Tem-
kin & Pyzhev (1940) model and Dubinin & Radushkevich (1947) Iso-
therm with experimental results

the adsorption process is favourable or not. The R; value
indicates whether the adsorption is unfavourable (RL > 1),
linear (RL = 1), favourable (RL < 1) or irreversible (RL =0).
At 25 mg/L, the separation factor is 0.3; at 100 mg/L, the
factor is 0.09; it can be assumed that the process is favour-
able between these concentrations.

The Freundlich model is another isotherm model. This
isotherm is used when the process does not match the con-
ditions of the Langmuir isotherm, such as heterogeneous
surface and multi-layering [16]. Equation 9 can be used to
form a linear line using the data seen in Fig. 13 with the axis
In(C,) and In(q,) to find K, 1/n and R?. The values are used
in Eq. 8 and plotted in Fig. 16 with the experimental values
for comparison.

The TP model is another adsorption isotherm model. It
considers the effects of indirect interactions between the
biosorbent and MB molecules, and it assumes there is a uni-
form distribution of binding energy [18]. Equation 11 can be
used to form a linear line using the data seen in Fig. 13 with
the axis In(C,) and g, to find K, B and R°. The values were
used in Eq. 10 and plotted in Fig. 16 with the experimental
values for comparison.

The final isotherm model investigated is the DR model. It
assumes a multilayer of molecules using Van der Waal forces
and is important in describing the adsorption of vapours and
gases [28]. Equations 13 and 14 can be used to create a curve
using the data in Fig. 13, using the axis € > and In(q,) to find
Kp, Q,, and R?. The values are used in Eq. 12 and plotted in
Fig. 16 with the experimental values for comparison.

The parameters for each model are summarised in
Table 2.

All the models had a very high R? value. Although
the Langmuir isotherm had the highest R? value, it had
a higher SSE and RMSE value than TP. This shows the
model cannot be determined by R? alone. The order of
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Table 2 Isotherm parameters

Isotherm Model Parameter Value
Opnax,exp (/) 153
Langmuir Oya(mg/g) 167
K, (L/mg) 0.095
Ry 0.3-0.09
R’ 0.993
SSE 95
RMSE 4.87
Freundlich K((mg/g) (L/mg)”“) 25
1/n 0.47
R’ 0.96
SSE 157
RMSE 6.27
P Ky(L/mg) 0.9
B (J/mole) 68
R’ 0.9851
SSE 62
RMSE 3.94
DR Kp(mol® kI %) 0.000003
Q,,(mg/g) 113
E (kJ/mole) 408
R’ 0.9354
SSE 504.68
RMSE 11.23

the best-fitting model based on RMSE was TP > Lang-
muir > Freundlich > DR. Therefore, it can be assumed
that the TP models are an accurate representation of the
adsorption process. The maximum adsorption capacity
estimated by the Langmuir isotherm is 167 mg/g, which
is close to the experimental maximum of 153 mg/g. The
accuracy of the models can be increased by using more
and higher MB concentration data points.

Fig. 17 a Thermodynamic
equilibrium, b) enthalpy and

|z|80

®30°C ®45°C @60°C

3.11 Determination of thermodynamic parameters

The thermodynamic properties of the MB adsorption were
identified. Using Eq. 16, the apparent equilibrium constant
(K,) was found. A linear line can be drawn, and the equi-
librium constant is found from the gradient. Using the data
in Fig. 14, a line was created for each temperature. This is
seen in Fig. 17A, along with the trendline equations. The K,
value is 2.15, 0.63 and 0.6 for 30, 45 and 60 °C, respectively.

Using the equilibrium constant, the Gibbs free energy
for each temperature can be calculated using Eq. 17. This
was found to be -1,930, 1,202 and 1,426 J/mol for 30, 45
and 60 °C, respectively. Using the Gibbs free energy and
temperature, the enthalpy and entropy of the MB adsorption
can be found. A linear line can be created using Eq. 18. The
line can be seen in Fig. 17B.

The gradient and intercept give the change in entropy and
enthalpy, which was -112 J/mol K and -35 kJ/mol, respec-
tively. Enthalpy between 2.1 and 20.9 kJ/mol indicates
physical adsorption, while values between 80 and 200 kJ/
mol indicate chemisorption [18]. Since enthalpy is nega-
tive, the adsorption process is exothermic, relying heavily
on electrostatic interaction, hence why pH has a significant
effect on adsorption [15, 18]. Because enthalpy and entropy
are negative and Gibbs free energy is positive at 45 and
60 °C, the process is spontaneous at low temperatures and
non-spontaneous at high temperatures [15, 18]. This trend
was displayed in the thermodynamic study of other biosor-
bents [15, 18].

3.12 Comparison
The MB adsorption capacity of pea haulm was compared
with other biosorbents recently studied in the literature. This

comparison can be seen in Table 3. The table also displays
adsorption conditions and matching kinetic and isotherm
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Table 3 Comparison of
biosorbents

Material

Adsorption
Conditions

Adsorption Kinetics Isotherm Reference

capacity
(mg/g)

S: 200
:0.625
1750

: 1200
<100
01

1 650

1 650

Indian knotgrass

Brewer's spent grain

Edible fungi

: 350

1 437.5
35
0.8
1200
1250
350

Brazilian berry seeds

Soybean hulls

1400
400
<50
0.5
1 100
200
<36

Pea haulm

Indian almond

: 800
200
100
0.5
: 100
200
600

wall barley

Sugarcane Bagasse

20
10
common lilac
25
25

>0T% F00% 002 »00L 2092 >0T0% »002 »00%2 »00% > 00

426.39 Second-order Langmuir [14]

284.75 Second-order  Freundlich [15]

208.33 Second-order Langmuir [16]

189.6 Second-order Langmuir [17]

169.9 Second-order Langmuir [18]

167 Second-order Temkin & Pyzhev  Present study

88.62

Freundlich [28]

Second-order

26.2 Second-order [42]

941 Second-order  Sips [39]

0.92 Second-order Langmuir [29]

models. With S being the particle size (um), D being the
biosorbent dosage (g/L), C being the MB concentration (mg/L)
and A being the maximum possible MB adsorption (mg/g).

It can be seen that milled pea haulm is an effective MB
adsorbent with a relatively high adsorption capacity and fol-
lows the same kinetic model as other biosorbents. In terms of
RMSE value, the TP isotherm model was the best fit, which is
different from other biosorbents. The Langmuir isotherm had
the highest R? value, meaning it is still an applicable model.

It can be seen that the adsorption capacity is heavily influ-
enced by particle size and available MB molecules. A low
initial MB concentration and high adsorbent dosage will
result in a low adsorption capacity. This is because there
are too many unsaturated adsorption sites and not enough

MB molecules to fill them. Smaller particle sizes will also
increase the available adsorption sites per mass. These fac-
tors explain why some of the adsorption capacities are sig-
nificantly lower. If these potential biosorbents underwent
different experimental conditions, they might produce sig-
nificantly higher adsorption capacities.

4 Conclusion

This study used pea haulm to remove MB from a dye mix-
ture. SEM—-EDX, FTIR and TGA were used to characterise
the material. Characterisation revealed the surface to be
coarse and heterogeneous and almost entirely made up of
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carbon and oxygen. The presence of hydroxyl, carboxyl and
aromatic functional groups was confirmed, which are useful
for adsorption, and the composition of key biomass compo-
nents was identified. To maximise the adsorption process, a
small particle size of <50 um, a small dosage of 0.5 g/L, an
alkaline solution, an agitation of 120 rpm and a lower tem-
perature of 30 °C were preferred. Equilibrium was achieved
in 4 h. Pseudo-second-order kinetics and the Temkin & Pyz-
hev isotherm were identified as the best fitting models for
the biosorption process. But Langmuir and Freundlich also
showed high goodness of fit. The maximum experimental
adsorption capacity was 167 mg/g and the maximum theo-
retical adsorption capacity was 153 mg/g, higher than other
materials considered good biosorbents. The thermodynamic
study revealed that the biosorption process was exothermic
and spontaneous at low temperatures. Compared with recent
studies on biosorbents, the pea haulm is very promising,
surpassing the adsorption capacity of some examples. Pea
haulm is, therefore, a new and promising candidate for
wastewater treatment. An alternative to activated carbon,
having a lower cost, is widely available. This will be espe-
cially useful in newly industrialised countries dealing with
high water pollution and requiring a quick, cheap and effec-
tive solution. Future work could include regeneration of
pea haulm, the adsorption of other types of pollutants and
economic analysis and comparison with activated carbon.
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