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ABSTRACT

The current batch system addresses the use of guava leaf powder as an economical adsorbent for
adsorption of aromatic dye, Remazol brilliant blue-R (RBBR) from wastewater. The consequences of
various experimental variables were optimized with response surface methodology (RSM) to achieve
the utmost decolorization efficiency. The adsorbent was characterized by proper instrumental evalua-
tion. Adsorption isotherms for the decolorization of RBBR were assessed by several adsorption mod-
els. The experimental equilibrium data suited the Langmuir isotherm model, and also the maximum
monolayer adsorption capability (g, ) was 93.12 mg g'. Thermodynamic studies were performed
to evaluate change in Gibbs free energy (AG), change in enthalpy (AH), and change in entropy (AS)
of the adsorption process. From the results, the adsorption was found to be endothermic in nature,
and the process was chemisorption, spontaneous and favorable at higher temperature. Kinetic rate
constants were calculated using distinct kinetic models. The dye adsorption rate followed pseudo-
second-order kinetic model. The adsorption mechanisms were clarified by pore diffusion, Bangham
and Boyd plots. The general rate of adsorption is controlled by both film and pore diffusion of dye
compounds. Desorption studies were conducted with various desorbing reagents. Most desorption
efficiency was acquired by the solvent methanol.

Keywords: Guava leaf powder; % Color removal; Central composite design; Kinetics; Equilibrium dye
uptake; Thermodynamics; Desorption

1. Introduction

In the present time, environmental pollution is among
the most crucial problems faced by the earth. This dilemma
has steadily improved in the last few years and is now in a
warning scenario [1]. Wastewater as fabric industries effluent
is a substantial source of water pollution [2]. Dye effluents are
believed to be one of the chief resources of acute water con-
tamination linked to extreme color [3]. Artificial dyes often
have aromatic structures and are broadly utilized in dyeing,
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cloth, leather, paper, pulp, plastic, rubber, cosmetic, food and
pharmaceutical business. Their release as colored wastewater
frequently causes pollution and ecological problems, such as
the coloration of water bodies, reduction in dissolved oxygen
concentration and thus kills the aquatic organisms, inhibition
of sunlight penetration, loss of photosynthetic activity, and
immunity to photochemical action [4]. The dye manufac-
turing worldwide is around 800,000 ton/y. Nearly 10%—-15%
of those dyes are disposed in the effluent as wastewater [5].
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The release of these effluents to water bodies has increased
apprehension due to the possible health dangers connected
with the entrance of carcinogenic aromatic compounds to
food chains of animals and humans [6]. Additionally, the
water quality of lakes and rivers has deteriorated affecting
the ecosystem [7]. Nearly 45% of fabric generated globally
belongs to its reactive dyes [8]. The majority of these azo dyes
have been reported to be the primary cause for lung cancer
in people, splenic sarcomas, hepatocarcinomas and chromo-
somal aberration in mammalian cells [9]. The elimination of
poisonous dyestuffs out of effluents is of huge significance
because of their hazardous nature in several nations glob-
ally for both water and environmental reuse concerns [10].
Thus the wastewater containing dyes have to be treated
before its release from the plants.

Remazol brilliant blue-R (RBBR) is a vinyl sulphone-
based formazan dye (special type of azo dye) also be known
as Reactive blue 19. Based on the chromophore qualities of
dyes, azo is among the major crucial groups amounting to
approximately 70% [11]. Azo dyes with aromatic rings are
extremely intricate and are contained in the bio-recalcitrant
type of synthetic chemicals [2,6]. Additionally, RBBR pos-
sesses an intricate aromatic molecular structure character,
and it could lead to bio-accumulation in the human body
and aqueous ecosystem if the dye is discharged with effluent
water [12]. Customary ways of removal of dyes from waste-
water includes chemical filters, coagulation, electrochemical
treatment, flocculation, photo-catalytic degradation, ozo-
nation, Fenton process, sonication and biodegradation.
However, these treatment technologies have different dis-
advantages, such as higher cost, use of new chemicals,
sludge disposal issues, complex treatment processes and the
requirement of substances, which can then contaminate the
water [13]. Because of these constraints, there is an essen-
tial requirement for a more environmentally benign and
economical method. What is more, these methods cannot be
used effectively to deal with the broad variety of dye waste-
water [14]. Liquid phase adsorption is commonly utilized in
the elimination of noxious pollutants from effluent because
appropriate design of this adsorption procedure will make
a high quality treated effluent. This procedure gives an
attractive choice for the treatment of polluted waters, partic-
ularly if the adsorbent is affordable [15]. Use of adsorbents
for removal of dyes is better than other methods for removal
of dyes due to low cost, simplicity, easy operation, stability
and sludge-free functionality. In addition, this procedure is
much more eco-friendly since it doesn’t result from the cre-
ation of damaging substances [16]. Adsorption on industrial
activated carbon was shown to be an effective procedure due
to its exceptional adsorption capability and can be used to
get rid of many dyes out of industrial effluents. Nonetheless,
it is exceedingly costly and regeneration of spent activated
carbon is comparatively hard [17,18]. To decrease the price
of the treatment procedure, attention was focused on the
evolution of low-cost, readily available and extremely effec-
tive adsorbents [19]. These include agricultural and plant
waste materials, such as wheat bran [20], phoenix tree leaves
[21], mango seed kernel [22], groundnut shell [23], neem
leaf powder [24], guava leaf powder (GLP) [25], etc., which
have been used for adsorbing dye from wastewater. As far
as we could possibly know, no data are accessible on RBBR

dye removal from aqueous solution by GLP absorbent in the
literature. The present study focused on the development
of an economical treatment process, the decolorization effi-
ciency and equilibrium uptake of the untreated GLP have
been studied using RBBR as a version anionic anthraqui-
none dye. Guava or Psidium guajava of the Myrtaceae family
is a tropical and semitropical plant. Its leaves are multicel-
lular, and are predominantly photosynthetic eukaryotes of
the kingdom plantae. The raw leaves contain 6% fixed oil,
0.365% volatile oil, 3.15% resin, 8.5% tannin and a number of
other fixed substances such as {3-sitosterol, uvaol, oleanolic
acid, ursolic acid, and penta cyclic triterpenoid guajanoic
acid [26,27]. Its leaves and seeds have medicinal properties
and are traditionally utilized to deal with a range of human
disorders [26]. The goals of the current research were: to
investigate the adsorption properties of GLP, to further
assess the impact of various process parameters such as ini-
tial pH, adsorbate concentration, adsorbent dose, adsorbent
particle size, and agitation rate, to optimize the various oper-
ating factors that are working, to ascertain the most poten-
tial adsorption capability, to examine the adsorption rate
mechanism, to assess kinetics, isotherm and thermodynamic
parameters and reusability of the adsorbent.

2. Materials and methods
2.1. Preparation of the adsorbent

Mature Guava leaves used for conducting the studies
were collected from the Guava trees, in Kundapur, Karnataka
State, India. The leaves were dried under sunlight to remove
the moisture and ground to fine powder using pulverizer.
The powder was then washed with distilled water. Then, the
Guava leaf powder was dried in a hot-air oven at the tem-
perature of 343 K for 8 h, ground, and screened to obtain
particles <125 um in size [25]. Dried GLP was stored in air-
tight plastic containers for future use. For the identification
of biomass, the pictures of the dried and powdered biomass
are shown in Figs. 1a and b, respectively.

2.2. Chemicals required

An anionic dye Remazol Brilliant Blue-R (dye con-
tent = 50%; molecular formula =C, H, +N,Na,0,;S,; molecular
weight = 626.54; color index number = 61,200; CAS number
2580-78-1) supplied by Sigma-Aldrich, India was used in the
study. The dye was of analytical reagent grade, and of 95%
purity. All other chemicals such as sodium chloride, sodium
hydroxide, hydrochloric acid, methanol, ethanol, butanol,

and acetone used were of analytical grade (Merck, India).

2.3. Preparation of RBBR dye stock solution

The required amount of RBBR dye powder was dissolved
in distilled water to prepare a 1,000 mg L™ stock solution.
This stock solution was further diluted with pH adjusted
distilled water by adding 0.1 N HCl or 0.1 N NaOH to obtain
the required concentration range. After dilution (adjusting
the pH), the final pH of the dye solution was measured as
required range. The structure of the RBBR dye is shown
in Fig. 2.
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Fig. 2. Chemical structure of Remazol brilliant blue-R dye.

2.4. Analytical measurements

The pH of the dye solution was observed by a digital
pH-meter (Systronics 335, India), and the average particle
size of the GLP adsorbent was evaluated by a particle size
analyzer (Cilas 1064, France). The surface area and pore vol-
ume of the adsorbent were determined using a Brunauer—
Emmett-Teller (BET) surface analyzer (Smart Instruments,
India). The dye concentration was measured using a
pre-calibrated UV/visible spectrophotometer (Shimadzu
UV-1800, Japan) at wavelength of 592 nm (A__ ). Attenuated
transmission reflector (ATR) spectra in the transmission
range of 400—-4,000 cm™ was used to determine the functional
groups in the GLP adsorbent before and after adsorption
using ATR spectroscopy analysis (IR Prestige-21, Shimadzu,
Japan). The surface morphology of adsorbent and RBBR
dye loaded with adsorbent using field emission scanning
electron microscopy/energy dispersive X-ray spectroscopy
(FESEM/EDS - CARL ZEISS-FESEM attached with Oxford
instruments EDS, Germany).

2.5. Adsorption experiments

The adsorption experiments were performed to anal-
yse the influence of various process factors such as pH
(2-12), dye concentration (50-250 mg L™), adsorbent dosage
(1-10 g L), adsorbent particle size (72-538 um), agitation
speed (0-200 rpm), and temperature (303-323 K) on the
adsorptive removal of RBBR dye from wastewater using
GLP adsorbent. The batch experiments were carried out by
varying one factor (e.g., pH) and keeping the other factors
constant. Adsorption equilibrium experiments were carried
using Erlenmeyer flasks containing the known concentra-
tion of adsorbate (50250 mg L) and with fixed quantity

of adsorbent dosage. The experiments were carried out
in an incubator shaker at a constant speed of 150 rpm at
fixed temperature till the saturation condition was attained.
A known amount of solution was withdrawn at regular time
intervals. Then, the samples were centrifuged (Remi CPR-24
Plus, India) at 12,000 rpm for 10 min to separate the adsorbent
from the aqueous phase [28]. After centrifugation, the clear
supernatant liquid was collected to analyse the residual dye
concentration. The amount of CR dye adsorbed onto a unit
mass of adsorbent at equilibrium and the % color removal
were determined using Egs. (1) and (2), respectively [28,29].

(C,-C,)V

- ¢ 1

7= M
(C,-C,)x100

% RBBR color removal = ~—*—— )

C

0

where C; and C, (mg L) are the liquid-phase concentrations
of initial adsorbate and equilibrium, respectively, V is the
volume of dye solution (L), and W is the mass of GLP used
(g). The mean of triplicate experiments was calculated and
reported.

2.6. Design of experiments for optimization of process parameters

Factorial experimental design (RSM) was used to obtain
the overall best optimization and to minimize the number of
experimental trials. It is used to investigate the relationship
between % color removal and operating variables. The RSM
is a widely used as a statistical method to design the exper-
iments for optimization of process parameters. The process
parameters were optimized using central composite design
(CCD) to attain the maximum percentage decolorization.
Factorial experimental design is used to study the effects
of several factors on optimization of a decolorization pro-
cess. Also, factorial designs allow measuring the interaction
between each different group of factors with various levels.
RSM utilizes the polynomial equation to describe the behav-
ior of experimental data. The linear, quadratic, and interac-
tion effects of process parameters on the response were stud-
ied with the help of the empirical model developed using
RSM. The response surface method is used to (i) optimize
the levels of variables (ii) examine the relationship between
response variable and a set of quantitative experimental
factors. Minitab 16 statistical software was employed to con-
duct multiple regression analysis of the data. The CCD was
applied to conduct adsorption experiments. Furthermore,
CCD is only applied when there is a significant lack of fit
with factorial design. It also helps to find curvature in fac-
tor effects (commonly by quadratic terms). The influencing
factors, such as initial pH (X)), initial dye concentration (X)),
adsorbent dosage (X,), and adsorbent particle size (X,) were
chosen as the independent variables. The response variables
in this study are the % color removal and dye adsorption
capacity at equilibrium (g,). The results were fitted into the
regression equation and the effect of independent vari-
ables individually and in combination was analyzed using
RSM. The numbers of experimental runs are calculated by
the following equation [17,30]:
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N=2'+2f+N, 3)

where f represents the number of variables, 2/ represents the
number of factorial points, 2f represents the axial points and
the center points are represented by N,. A total of 31 exper-
iments were conducted. Using 2* full factorial design, we
used 16 factorial points, 8 axial points, and 7 center points.
The experiments were planned as per CCD with four factors
at five levels. The CCD utilizes multi-level factorial design
with center points, and a group of axial points that calcu-
lates the equation constants for the quadratic model. The
levels of independent variables were coded as -2 (very low),
-1 (low), 0 (central point), +1 (high), and +2 (very high).
The coded values of process variables were obtained from
Eq. (4) [30]:

X -X
xi:( ISX O) 4)

where x, is the dimensionless value of a process variable;
X, is the real value of an independent variable; X is the value
of X, at the center point and 50X denotes the step change. The
second-order polynomial equation for the relation between
the independent and response variables is given as [31]:

Y =b,+b,X, +b,X, +b,X, +b,X, +b, X} +b,X; +b,, X +b, X +
b, X, X, +b, X X, +b, X X, +b,, X, X, +b,, X, X, +b,,X. X, (5)

12471 1347173 14771704 23772473 24772774 34973774

In general, Eq. (5) can be written as
Y=b+2bx +2 b,.,.x,.2 + Zbﬁxi (6)

where Y denotes the predicted response variable; b, denotes
the constant term (intercept value); and b, b,, and bij denote
the regression coefficients for linear, quadratic, and interac-
tion effects, respectively. The sign of each coefficient indicates
the direction of the relationship with response variable. Each
coefficient corresponds to the change in the mean response
per unit change in X when all other predictors are held
constant. The experimental ranges and levels in coded form
for different factors are given in Table 1.

2.6.1. Residual analysis

To verify the predicted data obtained from RSM, the
predicted responses were compared with the experimental
values. The root mean square error (RMSE) and the absolute
average deviation (AAD) are used to predict the appropriate

Table 1

exactness of the model equation. The RMSE and AAD were
determined using the following equations [32]:

1 2
RMSE = [EZ(% -y,) ) @)

AAD = i}z(m]xmo 8)

a

where y_ is the actual response value, y is the predicted
response value obtained from the RSM, and N is the number
of experiments.

2.7. Adsorption isotherms studies

Adsorption isotherms characterize the equilibrium rela-
tionship between the quantity of solute adsorbed on the
adsorbent (mg g™) along with the adsorbate concentration
remaining in the solution (mg L™) in a constant temperature.
The equilibrium data are necessary for designing the adsorp-
tion systems. These data provide information regarding
the ability of the adsorbent and also the quantity of adsor-
bent required to eliminate mass of pollutant from aqueous
solution under the process requirements. The isotherm
models are usually analyzed from the plot of q, vs. C. The
applicability and suitability of this model to the equilibrium
data were measured using the values of the correlation coef-
ficients, R? chi-square error, and g, Linear regression was
carried out using the application Origin and also the tech-
nique of least squares was extensively used to ascertain the
isotherm parameters [33].

2.7.1. Freundlich isotherm

The Freundlich isotherm is commonly employed to
model the multi-layer adsorption due to several functional
groups on the surface and distinct adsorbent-adsorbate
interactions (surface binding sites are unique affinities). The
linear type of Freundlich model is given as in Eq. (9) [34]

logg, =logK, +1logC£ )
n

where K, is Freundlich isotherm constant (L g™') which indi-
cate the relative adsorption capacity; and 1/n is a constant of
heterogeneity. The value of  is an indication of the favorabil-
ity of adsorption ranging from 0 to 1. When 0 < 1/n < 1, the
adsorption is favorable; 1/n =1, there is no interaction among

Experimental range and levels of independent variables for RBBR dye removal by GLP adsorbent

Independent variables Range and level

-2 -1 0 1 2
Initial pH (X)) 1.6 1.8 2.0 2.2 24
Initial dye concentration, mg L™ (X,) 100 150 200 250 300
GLP adsorbent dosage, g L™ (X,) 1.0 15 2.0 2.5 3.0
GLP particle size, um (X,) 105 125 145 165 185
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the adsorbed species; 1/n > 1, the adsorption is unfavorable
[35]. The values of K, and 1/n can be calculated from the
intercept and slope values of the linear plot of log g, vs. log
C.. A high affinity of the adsorbate is described by a higher
value of K, and lower value of the empirical parameter 1/n.

2.7.2. Langmuir isotherm

The Langmuir model is used for monolayer adsorption.
Accordingly, in equilibrium, a saturation point is reached
where no additional adsorption can happen (saturation of
the available binding sites stops the adsorption of the adsor-
bate) [36]. The linear form of Langmuir isotherm model is
given by [37]:

i, 1 (10)
G Tmax JuaKiCe

where K, is the Langmuir constant (L mg™) and g, is the
maximum monolayer saturation capacity of the adsorbent
(mg g™). The equilibrium parameter (R)) given by Eq. (11)
indicates whether the adsorption is irreversible (R, = 0),
favorable (0 < R, < 1), linear (R, = 1) or unfavorable (R, > 1)

[38,39].

1
= 11
" 1+K,C, ()
2.7.3. Temkin isotherm model
The Temkin isotherm model is expressed as [40]:
q, :EIHKTEIHCE 12)
b, b,

where K_ is the equilibrium binding constant (L g™'), g is the

T
constant related to the heat of adsorption, b, is the adsorption
energy (k] mole™), T is the absolute temperature (K), and R is
the universal gas constant (8.314 ] mole™ K™). The g, vs. In(C))
plot is used to determine the isotherm constants b, and K,
from the slope and intercept, respectively.

2.7.4. Error analysis

To determine the best isotherm for adsorption of RBBR
on GLP adsorbent, the chi-square (x?) test was completed
with the experimental data, to discover the very best adsorp-
tion isotherm model. In case the predicted data in the iso-
therm model are similar to the experimental value, x* will
be a small number; if they are distinct, x*> will be a sizable
number. The chi-square (x?) value was calculated with the
following equation [41]:

( J

Teexpt ~ e cale

=Y (13)
qc,calc

where g, and g, are the experimental and predicted

value of acfsorption capacity of RBBR (mg g™).

2.8. Adsorption thermodynamics

The adsorption thermodynamics is vital to explore if the
process is spontaneous or not and to determine adsorption
behavior. Batch adsorption experiments conducted before
were examined by utilizing the thermodynamic equations.
The thermodynamic parameters such as Gibbs free energy
change (AG), enthalpy change (AH), and entropy change
(AS) of this process for the adsorption of RBBR dye were
determined with the following equations [29,42]:

AG=-RTIn(K,) (14)

Ink, = 2% A (15)
R RT

K, =K, (16)

where K is the adsorption equilibrium constant (L g™), which
can be graphically determined. The values of AH and AS
can be determined from the slope and intercept of the Van't
Hoff plot of In K vs. T™. Arrhenius equation can be used to
determine the activation energy (E ). The linear form of the
Arrhenius equation (Eq. (17)) can be expressed as [43,44]

E
InK, =InA—-| ==~
RT

where K, is the pseudo-second-order adsorption constant
(g mg”' min') and A is the Arrhenius frequency factor.
The value of K, was obtained from each reaction performed at
various temperatures with different concentration of adsor-
bate solutions and the value of E, can be determined from
the slope (-E /R) of the linear plot of In K, vs. 1/T. The type
of adsorption phenomena is generally classified as either
physical [45] or chemical based on the values of activation
energy and enthalpy change [46,47].

17)

2.9. Kinetic studies of adsorption

An analysis of kinetics of adsorption is desired since it
provides information concerning the rate-controlling step
and mechanism of adsorption, which can be important to
ascertain the efficacy of this process. It tracks the experi-
mental aspects that control the rate of a chemical reaction
and also the equilibrium [48]. The forecast of batch adsorp-
tion kinetics is vital for the design of industrial adsorption
columns and also to create mathematical models to describe
the process.

2.9.1. Pseudo-first-order and second-order-kinetic models

To assess the adsorption kinetics, experimental data were
fit to Lagergren pseudo first-order and Ho’s second-order
kinetic models, to determine the kinetic constants. The math-
ematical representations of both of these versions are given in
Egs. (18) and (19), respectively [49,50].

Lagergren pseudo-first-order kinetic model is given by:

In(g,-q,)=Ing, - Kt (18)
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where g, and g, are the solid-phase adsorbate concentrations
(mg g™) at equilibrium and at any time t (min), and K, is
the rate constant of pseudo-first-order adsorption (min™).
The values of g, and K, can be obtained from the intercept
and slope of the plot of In(g—q,) vs. t. The linear form of
pseudo-second-order kinetic equation is expressed as

t 1

t

+ JR—

9 Ka: a, 1)

The pseudo-second-order kinetic rate constant (K,) is

determined from the linear plot of t/g, vs. t. The initial rate
of adsorption, 1 (mg g™ min™) is given by Eq. (20) [51]:

h=K,q’ (20)

2.9.2. Validity of kinetic models

The adsorption kinetics of RBBR on GLP adsorbent was
studied at various adsorbate concentrations. The kinetic
model was assessed by the normalized standard deviation
(SD, %), provided by the following equation [52]:

Jeexp ~4

Te.exp

2
[( e,cal >‘|
Standard deviation(%) = ZT x100 (21)
=

where N, denotes the number of experimental data. The best-
fit model was chosen on the basis of the best R?and least SD
value.

2.10. Adsorption rate mechanism

While designing a solid-liquid adsorption system, the
dye molecule transfer and the general rate of adsorption is
controlled by the slowest, rate-limiting step, which is either
film diffusion or pore diffusion. The mechanism for the
adsorption of dye could be presumed to involve the follow-
ing five steps [53]:

e Migration of adsorbate molecules from the bulk of the
solution into the hydrodynamic boundary surface of the
adsorbent

e External film diffusion of dye compounds from the
boundary layer into the outer surface of the adsorbent

* Adsorption of dye compounds in a binding site on the
surface of solid particle

e Pore diffusion of dye compounds to the inside pores of
the adsorbent particle

* Adsorption of dye compounds from the binding sites to
the interior surface of the pores and capillary spaces of
this adsorbent.

The diffusion mechanism of adsorption is explained by
the intra-particle diffusion model. This model is represented
with the following Weber and Morris equation (Eq. (22)) [54]:

g, =Kt +C (22)

where K, is the intra-particle diffusion rate constant
(mg g min™?) and C is the constant. The thickness of the
boundary film is given by the value of C. The values of K,
and C are determined from the slope and intercept, respec-
tively, of the linear plot of g, vs. 2. The intercept of the plot
reflects the extent of the of boundary layer effect. The Boyd
and Bangham kinetic expressions were used to predict the
rate-determining step. These two kinetic expressions are
described by the following equations [55,56]:
Boyd kinetic expression:

F- 1-[%} exp(-B,) (23)
(or)

B, =~04977—In(1- F) (24)

j (25)
qe

where F is the ratio of solute adsorbed at any time ¢, and B, is
a mathematical function of F.
Bangham kinetic expression:

C k.m
log| log| —=0 || =1 0
Og[ Og[(C0 —qtm)]] Og[zsosv

where m is the weight of adsorbent used per liter of solution
(g L"), ais a constant and k; is the Bangham constant (L*>g™).

J +alog t (26)

2.11. Desorption studies and reusability of the adsorbent

Desorption experiments have been conducted with
various desorbing reagents, for example, methanol, etha-
nol, acetone, and 1 M NaOH in separate batches to explore
the prospect of retrieval of the adsorbent [20]. In a nor-
mal desorption experiment, 100 mL of above-mentioned
desorbing reagents are added into the adsorbent filled
with adsorbed dye molecules and agitated for a sufficient
period in separate batches. The procedure is continued until
the dye has been desorbed by the desorbing reagent, after
that the centrifugation process was utilized to separate the
regenerated adsorbent and desorbed dye compounds. To be
able to establish the trustworthiness of the adsorbent, suc-
cessive adsorption-desorption cycles were replicated three
times using exactly the same adsorbent. The desorption for
the second and third runs was carried out using 100 mL of
this above-mentioned assortment of reagents in separate
batches. The regenerated adsorbent after desorption was col-
lected by centrifugation and was then left to dry at 343 K for
8 h. The % color removal of this regenerated adsorbent was
analyzed in second and third runs beneath the optimized
values of this process factors and compared with the initial
run. The efficacy of desorbed dye from the adsorbent was
determined using the following equation [41]:

Concentration of RBBR dye desorbed N
Concentration of RBBR dye adsorbed

Desorption efficiency = 100

(27)
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3. Results and discussions
3.1. Characterization of the GLP adsorbent

The specific surface area and pore volume of the GLP
were analyzed based on the nitrogen adsorption at 77 K.
The BET surface area of the adsorbent was 1.9 m?g™. The
pore volume was measured as 1.5 mm?®g™, with an average
particle size of 104.13 um. The Methylene blue (MB) index
was tested to calculate the Methylene blue number using
standard operating procedure. The MB number is defined
as the maximum amount of dye adsorbed by 1 g of adsor-
bent at an equilibrium concentration [57]. Its value was cal-
culated to be 24.658 mg g™ with MB, and GLP adsorbent
concentration of 100 mg L7, 2.5 g L7, respectively, at pH 9.
Furthermore, iodine number (amount of iodine adsorbed
per gram of adsorbent at an equilibrium concentration)
was determined according to the procedure established
by the American Society for Testing and Material (ASTM)
[58]. It is used to characterize the adsorbent performance
and measure the activity level. The iodine number was esti-
mated to be 434.62. A higher value of iodine number indi-
cates a higher degree of activation [59]. After adsorption,
there were no significant changes observed in the surface
area and pore volume of the adsorbent. This may be due
to desorption of dye molecules on the adsorbent surface
during regeneration of the adsorbent. While determining
surface area, the regeneration temperature was maintained
at 353 K. A similar observation has been reported elsewhere
[60]. The physical characteristics of the GLP were deter-
mined, and results are summarized in Table S1 of supple-
mentary materials. It shows that the lower % of moisture
and ash content signifies better quality of the adsorbent
[61]. The initial and final ATR spectra of the GLP after
RBBR adsorption are shown in Figs. 3a and b, respectively.
The ATR spectrum of the GLP adsorbent before adsorption
shows a broad and strong peak at 3,296.34 cm™, repre-
senting the O-H stretching vibration of bonded hydroxyl
groups. The short peak observed at 2,873.93 cm™ was due
to the C-H bending vibrations of methyl groups. The peak
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observed at 2,304.9 cm™ was due to O=C=0 stretching of
alkyne group. The wave number observed at 1,041.5 cm™
was assigned to the C-O stretching vibration of carboxylic
acid and alcoholic groups. The absorption band at the fre-
quency of 1,932.52 cm™ is assigned to C=O stretching vibra-
tion in carboxylic anhydrides. Similarly, the presence of
C=0 stretching vibrations of carbonyl groups of carboxylic
acid, aromatic aldehyde and ketones with intermolecular
hydrogen bond was observed from the peak at 1,620.2 cm™.
After adsorption, the significant changes have been
observed in band intensities of hydroxyl (3,296.34 cm™),
methyl (2,873.93 cm™), and carbonyl (1,620.2 cm™) groups
in the ATR spectra of RBBR dye loaded with GLP adsorbent
(Fig. 3b). Thus, the ATR analysis demonstrated that more
hydroxyl, methyl, and carbonyl groups were present on the
surface of the adsorbent. These groups may act as possible
binding sites for electrostatic interactions with the anionic
dye molecules [28,44,62]. SEM images of the GLP before
and after adsorption of RBBR dye are shown in Figs. 4a and
b. As seen from Fig. 4a, adsorbent has an irregular, rough
and porous surface. The rough surfaces are favorable for
the adsorption of dye molecules onto the adsorbent [60].
The presence of dye molecules loaded onto the surface
and pores of the adsorbent after adsorption are shown in
Fig. 4b. Analytical SEM at 20 keV equipped with EDS was
used to determine the elemental composition of the adsor-
bent. The chemical characteristics of the surface of the GLP
adsorbent are given in Table S2. It shows that the adsor-
bent surface mainly contains the elements of carbon and
oxygen. After adsorption the weight % of elemental carbon
and oxygen increases, suggesting that the particle surface
is loaded with dye anions.

3.2. Analysis of batch adsorption studies
3.2.1. Effect of initial pH

The process of adsorption between the adsorbent surface
and the adsorbate solution is highly dependent on the pH
value of the medium and the zero-point charge (pH,,) of
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Fig. 3. (a) ATR spectrum of GLP adsorbent before RBBR dye adsorption. (b) ATR spectrum of GLP adsorbent after RBBR dye

adsorption.



C. Debamita et al. / Desalination and Water Treatment 185 (2020) 318-343 325

Sigral A= InLers “=IW13

EHT = S0 kY WDe ddmm

FETEL

(@)

(b)

Fig. 4. SEM micrograph of (a) GLP adsorbent before RBBR dye adsorption and (b) GLP adsorbent after RBBR dye adsorption.

the adsorbent. The pH point of zero charge of the adsor-
bent was determined by powder addition method [25].
The ApH values (pH, . —pH,, ) for the GLP adsorbent are
plotted against the initial pH values (Fig. 5). The initial pH
at which ApH becomes 0 is called pszc' The zero-point
charge of the GLP adsorbent was found to be at 6.5. The
presence of H* and OH ions in solution may change the
potential surface charges of the adsorbent. If the pH of the
solution is below the pH_, the binding sites on the surface
will be protonated (positively charged) by the presence of
excess H* ions. If it is above its pH_, the active sites on
the surface will be deprotonated (negatively charged) by
the OH" ions present in the solution. Anion adsorption on
any adsorbent will be favorable at pH < szpc' The effect
of initial pH on adsorption of RBBR onto GLP adsorbent
was analyzed by varying the pH of the dye solution from
2 to 10. Fig. S1 shows that the % dye removal was maxi-
mum at pH 2 (99.44%). At pH 2, a substantial electrostatic
interaction (van der Waals forces) exists between the pro-
tonated binding sites of the adsorbent and anionic dye mol-
ecules. The elimination of this dye is favorable in the acidic
medium than in the basic medium. After the pH was raised
from 2 to 10, the decolorization efficiency dropped from
99.44% to 18.64%. The decrease in RBBR dye adsorption
at basic pH is hypothesized to be due to the electrostatic
repulsion between the negatively charged surface and the
deprotonated RBBR. Since the pH of this solution increases,
the active sites on the surface of the adsorbent are going to
be deprotonated by the existence of extra OH" ions, thus
the amount of negatively-charged sites rises. Further,
decreased adsorption of RBBR found at basic pH might
be a result of rivalry between the surplus hydroxyl ions as
well as the negatively charged dye ions for the adsorption
binding sites [3].

24
14
= 0
=
=
214
24
-3 T T T T T T T T T T T
2 4 6 8 10 12
Initial pH

Fig. 5. Zero-point charge (pH,_) plot of GLP adsorbent (sodium
chloride concentration: 0.1 M; adsorbent dosage: 10 g L7;
adsorbent particle size: 105 um; agitation speed: 150 rpm:
temperature: 303 K; contact time 24 h).

3.2.2. Effect of adsorbent dosage

Adsorbent dosage is another important parameter for
the determination of the adsorption capacity. The removal
of dye with varying amount of adsorbent from 1 to 9 g L
was studied for fixed initial dye concentration of 100 mg L
at pH 2. From Fig. 6 it can be seen that the decolorization
efficiency of RBBR increased from 75.51% to 99.25%, but
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Fig. 6. Effect of GLP adsorbent dosage on RBBR dye adsorption
(initial pH: 2; initial dye concentration: 100 mg L™; adsorbent
particle size: 105 pum; agitation speed: 150 rpm; temperature:
303 K; contact time: 24 h).

the equilibrium dye concentration in the solution (C) gets
decreased from 24.49 to 0.475 mg L~ with the increase in the
adsorbent dosage from 1 to 9 g L. The % color removal of
dye increased by 27% when the quantity of GLP used was
doubled from 1 to 2 g L. The increase in the decoloriza-
tion efficiency with the adsorbent dosage can be attributed
to the availability of greater surface area resulted in the
increase in the availability of adsorption active sites [63].
In other words, at higher adsorbent-to-dye concentration
ratios, adsorption on the particle surface is very rapid, thus
producing a lower adsorbate concentration in the solution,
compared with that obtained for a lesser adsorbent-to-dye
concentration ratio. But when the equilibrium adsorption
capability is expressed in milligrams dye adsorbed per
gram of the adsorbent at equilibrium (g,), the capacity
decreases when the quantity of adsorbent raises [64] (fig-
ure not shown). This is mainly due to the split in the flux
or concentration gradient between the dye concentration
in the solution and that at the surface of the adsorbent.
Hence the competition for the availability of active sites
for the adsorption of dye declines with the increase in the
adsorbent dose [55]. This implies that as the amount of par-
ticles increases, there might be many adsorbent particles
in solution, which might cause overlapping of adsorption
binding sites or adsorbed species causing the particles to
aggregate, thereby resulting in reduced adsorption active
sites per unit mass of the adsorbent [65]. At high adsorbent
dosage, due to agglomeration of adsorbent particles there
is a decrease in overall active surface area of the adsorbent
and a rise in diffusion path length and hence, the adsorption
capacity decreases [66].

3.2.3. Effect of adsorbent particle size

The effect of particle size on adsorption of RBBR onto
GLP is shown in Fig. S2. The % color removal of dye is pro-
portional to surface area available for adsorption. Since the
surface areas increases with decrease in particle size, there
will be more adsorption when smaller size particles are used.
The results show that the decolorization of RBBR decreased

gradually from 95.80% to 65.24% with an increase in
adsorbent particle size from 72 to 538 um. This relationship
indicates that powdered adsorbent would be advantageous
over granular particles. Also, the smaller particles will have
a shorter diffusion path, thus allowing the adsorbate mole-
cules to pierce deeper into the solid particle rapidly, resulting
in a higher % adsorption [67].

3.2.4. Effect of agitation speed

The effect of agitation speed in a batch adsorption pro-
cess is essential to overcome the external diffusion resistance.
Effect of agitation speed on color removal was evaluated by
varying the agitation speed from 0 to 200 rpm at 303 K. Fig.
S3 shows that the % color removal increased from 43.65%
to 97.28% with increasing agitation speed. The increase in
removal efficiency may be due to increase in turbulence
attributable to reducing the thickness of film resistance sur-
rounding the particles of guava leaf adsorbent, thus increas-
ing external film diffusion and uptake of RBBR dye molecules
[68]. This phenomenon may be explained by increasing the
contact surface of adsorbent-dye solution and favoring the
transfer of dye molecules to the binding sites of the adsorbent.

3.3. Analysis of factorial experimental design and optimization of
process parameters

The important factors for adsorption of RBBR onto GLP
adsorbent were initial values of pH, adsorbent dosage, dye
concentration and adsorbent particle size. The comparison of
predicted response values with 31 sets of batch adsorption
experimental results is reported in Table 2. The results for %
color removal and equilibrium dye uptake (g,) were analyzed
by analysis of variance (ANOVA) and are given in Tables 3
and 4, respectively. The probability level, P indicates the sig-
nificance of each of the interactions among the independent
variables and Student T-tests were applied to evaluate the
importance of the regression coefficient of the process fac-
tors. Larger values of T, . and lower values of p (p < 0.05)
for linear, square, and interaction effects are more significant
in the chosen model at the corresponding coefficient terms.
From Table 3, the coefficients for the linear effect of initial dye
concentration (X,), adsorbent dosage (X,) and particle size
(X,) were the first important factors (p = 0.000). The coefficient
for the linear effect of initial pH (X,) did not signify the effect
on color removal (p = 0.082). The coefficients of the quadratic
effect of X, and X, were the first and second important factors
(p =0.007, p = 0.038), respectively. The coefficients of the qua-
dratic effect of the variables X, and X, are not significant. The
coefficient of the interaction effect of X X, was found to be
significant (p = 0.001). However, the coefficients of the other
interactive effects (X X,, X X,, X,X,, X,X,, X,X,) among the
variables did not appear to be significant. A larger value of

tistice INdicates that most of the variation in the response
can be explained by the regression model equation [69].
The regression model Eq. (28) for % RBBR dye removal is

% RBBR dye removal = 84.91 - 0.8667 X, - 5.0625 X+
4.78 X,—-2.9708 X, +0.1059 X2-0.9677 X2 - 1.3265 X3+
0.3672 X2-1.1587 X, X, +0.3687 X X, +2.2612 X X, +

0.2012 X, X, + 0.6862 X, X, - 0.8312 X, X, (28)
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Table 2

327

Batch adsorption experiments as per CCD matrix for RBBR dye removal by GLP adsorbent

Run X, X, X, X, % RBBR color removal Equilibrium dye uptake g, (mg g™)
no- (mg L) BLY () Experiment Predicted Experiment Predicted
1 -1 -1 1 1 85.29 85.32 51.17 49.37
2 0 0 0 0 84.86 84.91 84.86 84.91
3 1 -1 -1 -1 82.86 84.06 82.86 84.82
4 2 0 0 0 80.34 83.60 80.34 83.08
5 1 -1 1 1 89.46 91.16 53.67 56.08
6 0 -2 92.25 91.16 46.12 42.83
7 0 0 0 0 84.9 84.91 84.90 84.91
8 -1 -1 -1 -1 90.34 88.74 90.34 90.53
9 0 0 0 0 84.82 84.91 84.82 84.91
10 0 0 0 2 79.65 80.44 79.65 80.74
11 -1 1 -1 -1 80.65 79.15 134.42 131.70
12 0 0 -2 0 67.12 70.04 134.24 133.79
13 0 0 0 -2 90.74 92.32 90.74 92.16
14 -1 1 1 -1 89 90.04 89.00 88.97
15 0 2 0 0 67.46 70.91 101.19 106.99
16 0 0 85.02 84.91 85.02 84.91
17 -1 -1 -1 1 76.38 78.56 76.38 80.15
18 1 1 -1 -1 72.44 69.84 120.73 120.33
19 0 0 0 0 84.94 8491 84.94 84.91
20 0 0 0 0 84.9 84.91 84.90 84.91
21 1 1 1 -1 84.18 82.20 84.18 80.10
22 0 0 0 0 84.92 84.91 84.92 84.91
23 -1 1 1 1 80.28 79.29 80.28 78.01
24 -1 1 -1 1 72.83 71.72 121.38 120.82
25 -1 -1 1 -1 97.44 98.82 58.46 59.83
26 -2 0 0 87.96 87.07 87.96 87.73
27 1 -1 1 -1 97.08 95.62 58.25 56.61
28 1 1 1 1 81.46 80.50 81.46 79.07
29 1 -1 -1 1 86.54 82.93 86.54 84.37
30 0 0 2 0 89.72 89.16 59.81 62.77
31 1 1 -1 1 72.63 71.46 121.05 119.38

From Table 4, the coefficients for the linear effect of initial
dye concentration (X), adsorbent dosage (X,) and particle size
(X,) were the first important factors (p = 0.000). The coefficient
for the linear effect of initial pH (X,) did not signify the effect
on adsorption capacity at equilibrium (p = 0.071). The coeffi-
cients of the quadratic effect of X, and X, were the first import-
ant factors (p = 0.000). The coefficients of the quadratic effect
of the variables X, and X, are not significant. The coefficients
of the interaction effects of X,X,and X X, were the first and
second most important factors (p = 0.001, 0.004). However, the
coefficients of the other interactive effects (X, X,, X, X, X, X,,
X, X,) among the variables did not appear to be significant.
The regression model Eq. (29) for equilibrium dye uptake is

RBBR dye uptake at equilibrium = 84.91 - 1.1637 X, +
16.0404 X, - 17.7537 X, - 2.8537 X, + 0.1236 X?- 2.5 X2+
3.3423 X2+ 0.3848 X2-1.4144 X X, +0.6244 X X +

24818 X X, -3 X, X,-0.1256 X X, - 0.0194 XX, (29)

The suitability of the response surface model was
assessed by the values of regression coefficient (R?), coeffi-
cient of variation, adequate precision and by the analysis of
lack of fit.

The regression coefficient, R? indicates the goodness of
fit of experimental data and the predicted responses with
negligible error. The predicted values of % color removal
and equilibrium dye uptake match the experimental values
reasonably well with R? of 0.9503 and 0.9907, respectively. It
indicates that more than 95% of the variations in response
could be described by the above model equations (Egs. (28)
and (29)). It also means that the model does not explain less
than 5% of the variation. The adjusted R*is a tool to measure
the excellence of fitting, but it is more appropriate for com-
paring models with various process parameters. It rectifies
the R? value for the number of terms in the model and the
sample size by using the degrees of freedom in its compu-
tations. Predicted R? can prevent overfitting the model and
can be calculated from predicted residual sum of squares
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Table 3
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ANOVA for % color removal of RBBR dye using GLP adsorbent from the data of CCD experiments

Term Coefficient  SE of atistice DF  SeqSS Adj SS AdjMS tatistice Probability
coefficient
Constant 84.9086 0.8647 98.190 0.000
Regression 14 1,600.41 1,600.41 114.315 21.84 0.000
Linear 4 1,393.30 1,393.30 348326  66.55 0.000
X, -0.8667 0.4670 -1.856 1 18.03 18.03 18.027 3.44 0.082
X, (mg L) -5.0625 0.4670 -10.840 1 615.09 615.09 615.094 11751 0.000
X, (gL™ 4.7800 0.4670 10.235 1 548.36 548.36 548.362  104.76 0.000
X, (um) -2.9708 0.4670 -6.361 1 211.82 211.82 211.820 40.47 0.000
Square 4 82.40 82.40 20.599 3.94 0.021
X * X, 0.1060 0.4278 0.248 1 2.23 0.32 0.321 0.06 0.808
X, (mg L) xX, (mg L) -0.9678 0.4278 -2.262 1 22.38 26.78 26.782 5.12 0.038
X, (gL xX, (gL™) -1.3265 0.4278 -3.101 1 53.94 50.32 50.318 9.61 0.007
X, (um) x X, (um) 0.3672 0.4278 0.858 1 3.86 3.86 3.856 0.74 0.403
Interaction 6 124.71 124.71 20.785 3.97 0.013
X, x X, (mgL™") -1.1587 0.5720 -2.026 1 21.48 21.48 21.483 4.10 0.060
X, xX,(gL™) 0.3688 0.5720 0.645 1 2.18 2.18 2.176 0.42 0.528
X, x X, (um) 2.2612 0.5720 3.953 1 81.81 81.81 81.812 15.63 0.001
X, (mg L) x X (gL™) 0.2013 0.5720 0.352 1 0.65 0.65 0.648 0.12 0.730
X, (mg L) x X, (um) 0.6862 0.5720 1.200 1 7.54 7.54 7.535 1.44 0.248
X, (gL™") x X, (um) -0.8312 0.5720 -1.453 1 11.06 11.06 11.056 2.11 0.165
Residual error 16 83.75 83.75 5.234
Lack-of-fit 10 83.73 83.73 8.373 2103.16  0.000
Pure error 6 0.02 0.02 0.004
Total 30 1,684.16

Regression coefficient, R* = 95.03%, R? (Pred) = 71.36%, R?(adj) = 90.68%, S = 2.28787, PRESS = 482.294.

(PRESS) statistics. A greater value of predicted R* indicates
the models of more predictive potential. This may indicate
that an over fitted model will not predict any new obser-
vations nearly as well as it fits the existing data. The term
PRESS statistics is used to forecast the responses of another
experiment and the lesser value of PRESS is more perfect
[32]. A lower value of RMSE (1.643 for color removal; 2.115
for equilibrium dye uptake) and AAD (1.583% for color
removal; 2.036% for equilibrium dye uptake) yields the best
fit model equation. The adequacy of the model was evalu-
ated by the residual error which measures the error between
observed and the predicted response values. The repetition
of central points was used to obtain the standard error of
the coefficients. The ANOVA Tables 3 and 4 shows the resid-
ual error, which measures the elements of variation in the
response that cannot be explained by the model, and their
occurrence in a normal distribution (Fig. not shown).

3.3.1. Contour and response surface plots

Contour and response surface plots were used to study
the mutual interactions among the variables and to measure
the maximum response level of each variable. The coordi-
nates of the central point in each of these contour plot indi-
cate the optimal value of the respective constituents. The
central point is the point at which the slope of the contour

is zero in all directions. The maximum predicted value of
response variable shown by the minimum curvature of the
contour plot. The contour plots for % color removal of RBBR
are shown in Figs. 7a and b. Fig. 7a shows that the contour
plot of % color removal from the aqueous solution as a func-
tion of initial pH and dye concentration. It occurs when the
initial dye concentration ranges between 100 and 150 mg L™,
pH in the range of 1.85-2.4, and the effect is insignificant. Fig.
7b shows that the maximum decolorization efficiency occurs
when the adsorbent dosage ranges between 2.25 and 3 g L™
and the particle size ranges from 105 to 120 um. The contour
plots for equilibrium dye uptake are shown in Figs. 8a and b.
Fig. 8a shows that the maximum adsorption capacity occurs
when the pH ranges between 1.6 and 2.3, and the adsorbent
dosage in the range of 1-1.25 g L. Fig. 8b shows that the
highest predicted adsorption capacity occurs when the ini-
tial dye concentration ranges between 225 and 300 mg L™
and the adsorbent particle size ranges from 105 to 185 um,
and the effect is not very significant. Response surface plots
are derived as a function of two factors while keeping all
other factors at fixed levels. The optimum situations of the
relative variables will resemble the coordinates of the cen-
tral point in the upmost level in each of these figures. The
response surface curves for % color removal of RBBR are
shown in Figs. 9a and b. Fig. 9a shows the surface plot of the
response variable as a function of initial pH and initial dye
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Table 4

ANOVA for response surface quadratic model for equilibrium dye uptake of RBBR using GLP adsorbent
Term Coefficient ~ SE of coefficient T, .. DF SeqSS  AdjSS AdjMS F_. . Probability
Constant 84.9086 1.1130 76.290 0.000
Regression 14 14,8074 14,8074 1,057.67 121.98  0.000
Linear 4 13,967.7 13,967.7 3,491.93 402.72  0.000
X, -1.1637 0.6011 -1936 1 325 325 32.50 3.75 0.071
X, (mg L) 16.0404 0.6011 26.686 1 6,1751 61751  6,175.08 71216  0.000
X, (gL -17.7537 0.6011 -29.537 1 7,564.7  7,564.7  7,564.70 87242  0.000
X, (um) —2.8537 0.6011 —4.748 1 195.5 195.5 195.45 22.54 0.000
Square 4 558.0 558.0 139.51 16.09 0.000
X, x X, 0.1236 0.5507 0224 1 0.0 0.4 0.44 0.05 0.825
X, (mgL7) x X, (mg L) -2.5002 0.5507 —4540 1 238.5 178.7 178.75 20.61 0.000
X, (gL x X, (gL 3.3423 0.5507 6070 1 315.2 319.4 319.45 36.84 0.000
X, (um) x X, (um) 0.3848 0.5507 0699 1 4.2 4.2 4.24 0.49 0.495
Interaction 6 281.6 281.6 46.93 5.41 0.003
X, x X, (mgL™) -1.4144 0.7362 -1.921 1 32.0 32.0 32.01 3.69 0.073
X, x X, (gL 0.6244 0.7362 0848 1 6.2 6.2 6.24 0.72 0.409
X, x X, (um) 2.4819 0.7362 3.371 1 98.6 98.6 98.56 11.37 0.004
X,(mgL")xX (gL") -3.0056 0.7362 —-4.083 1 144.5 144.5 144.54 16.67 0.001
X, (mg L) x X, (um) -0.1256 0.7362 -0.171 1 0.3 0.3 0.25 0.03 0.867
X, (gL™") x X, (um) -0.0194 0.7362 -0.026 1 0.0 0.0 0.01 0.00 0.979
Residual error 16 1387 138.7 8.67
Lack-of-fit 10 1387 138.7 13.87 3,484.36  0.000
Pure error 6 0.0 0.0 0.00
Total 30 14946.1

Regression coefficient, R? = 99.07%, R? (Pred) = 94.65%, R* (adj) = 98.26%, S = 2.94464, PRESS = 799.006.
where SE, standard error of coefficient; DF, degree of freedom; Seq SS, sequential sum of squares; Adj SS, adjusted sum of squares;
Adj MS, adjusted mean squares; PRESS, predicted residual sum of squares; S, value of S chart.
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Fig. 7. Contour plots for interactive effect of (a) initial dye concentration and pH and (b) particle size and adsorbent dosage on color

removal of RBBR dye.

concentration. It clearly shows that the % color removal of
RBBR increases with decrease in the pH and initial dye con-
centration. For pH range of 1.6-2.4 and the dye concentra-
tion in the range of 100-300 mg L™ shows a significant effect

on color removal from aqueous solution. Fig. 9b shows that
with an increase in the amount of adsorbent and decrease in
particle size, the % color removal improves. The response
plot of adsorbent dosage in the ranges between 1 and 3 g L
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on color removal of RBBR dye.

vs. particle size in the range of 105-185 um shows a signif-
icant effect on decolorization. The response surface plots
for equilibrium dye uptake of RBBR are shown in Figs. 10a
and b. Fig. 10a suggests that the dye adsorption capacity at
equilibrium decreases with an increase in adsorbent dosage
and increase in pH. The response plot of adsorbent dosage
ranges between 1 and 3 g L™ vs. the initial pH of dye solu-
tion in the range of 1.6-2.4 shows a significant effect on equi-
librium dye uptake. Similarly, Fig. 10b shows that with an
increase in the dye concentration and decrease in the adsor-
bent particle size, the adsorption capacity improves. The
response surface plot of dye concentration in the range of
100-300 mg L™ vs. the adsorbent particle size in the ranges
between 105 and 185 um shows a significant effect on the
uptake of RBBR from aqueous solution. The calculated
values of response variables acquired from the regression
model equations are closely related with those values found

from the experiment and response surface plots under opti-
mum conditions. A similar observation has been reported in
another study by Vairavel and Murty [30].

3.3.2. Process model validation

Three solutions with different values of ideal initial con-
ditions were used to forecast the best conditions for RBBR
dye adsorption by GLP adsorbent which is shown in Tables 5
and 6. Different experiments were done under various levels
of the factors and the results were matched to the predicted
responses. From Table 5, the maximum color removal effi-
ciency (97.44%) was obtained in the experiment number 3
compared with the other two experiments. From Table 6, the
maximum equilibrium adsorption capacity (134.42 mg g™)
was obtained in the experiment number 1 compared with
the other two experiments. The optimal values of the process
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Table 5
Validation of process model for RBBR dye adsorption

Expt. Process parameters with operating conditions RBBR decolorization efficiency (%)
X, X, (mg L) X, (gL™) X, (um) Actual value Predicted value
1 1.8 150 2.5 125 97.44 98.26
2.0 200 2.0 145 85.02 86.34
3 1.8 150 1.5 165 76.38 76.92
Table 6

Validation of process model for equilibrium dye uptake of RBBR

Expt. Process parameters with operating conditions Equilibrium dye uptake q, (mg g™)
X, X, (mg L) X, (gL™) X, (um) Actual value Predicted value

1 1.8 250 15 125 134.42 136.18

2 2.0 300 2.0 145 101.19 102.94

3 1.8 150 15 125 90.34 90.85

independent variables for maximal response are given in
Table 7. The comparison between experimental and pre-
dicted responses shows a good relation between them, and it
indicates that the empirical models resulted from the design
could as well be used for describing the relation between
process independent variables and the response in RBBR dye
decolorization. The optimization studies clearly revealed that
the RSM was a good method to predict the ideal conditions
for best decolorization efficiency and equilibrium adsorption
capacity.

3.4. Inference from adsorption isotherm models

The linearized Langmuir, Freundlich, and Temkin iso-
therms plots for the adsorption of RBBR dye by the GLP adsor-
bent at 303 K are shown in Figs. 11, S4, and S5, respectively.

The results of model parameters obtained from regressive
analysis of these plots are presented in Table 8. It shows that
the best fitted isotherm models were chosen in the order
of prediction precision: Langmuir > Temkin > Freundlich
isotherms. From Table 8, the higher value of the regres-
sion coefficient (R? = 0.9962) and lower value of chi-square
(x* = 0.4229) were found in the Langmuir model, compared
with the Temkin isotherm (R?> = 0.9824, x> = 0.8045) and
Freundlich (R? = 0.9448, x* = 3.3213) models. Hence the equi-
librium adsorption data fitted very well with Langmuir iso-
therm model. According to the assumptions of the Langmuir
isotherm, the adsorption was homogeneous in nature with
the formation of monolayer at active sites [43]. The maximum
adsorption capacity of the adsorbent (g, ) was estimated to
be 93.12 mg g'. The calculated values of R, at different initial
dye concentration are presented in Fig. S6. It shows that the
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Table 7
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Optimal values of the process independent variables for maximum decolorization efficiency and equilibrium dye uptake of RBBR

Process Optimum value RBBR color Optimum Equilibrium dye
parameters for color removal removal (%) value for g, uptake g, (mg g™)
X, 1.8 1.8
% (mg L) 1% 97.44 20 134.42
X, (gL 25 ' 15 '
X, (um) 125 125
Table 8
Adsorption isotherm model parameters for RBBR dye adsorption onto GLP adsorbent
Isotherm Model parameters Values Model equation
Freundlich n 2.684
K.(Lg" 25.087
=05.087 (03724
R 0.9448 7,725,087 C;
X 3.3213
Langmuir Jo (Mg g7 93.124
K, (Lmg™) 0.2674
R? 0.9962
X 0.4279
Temkin K. (Lg" 3.8469
b, (k] mole™) 0.1459 172601 169 C
R 0.9824 q,=17.262In (3.8469 C)
X 0.8045

adsorption was found to be more at higher initial dye con-
centrations. Also the R, (separation factor) values fell in the
range of 0-1 at all initial dye concentration (50-250 mg L)
and this suggests that the adsorption process is favorable. At
higher concentration, the adsorption process was found to be
more favorable. The value of Freundlich constant, # (2.684) is
in-between 1 and 10 which again proved that the adsorption
is favorable. The q__ of the GLP adsorbent for the removal
of RBBR was compared with those of other adsorbents from
the literature are reported in Table 9. It can be inferred from
the table that the prepared GLP adsorbent has superior
adsorption capacity for the decolorization of RBBR dye on
comparison with the reported adsorbents.

3.5. Inference from thermodynamic analysis for
the adsorption of RBBR

The results for equilibrium adsorption values (g,) with
various temperature and adsorbate concentrations are
shown in Fig. 12. It can be seen that with the increase in tem-
perature the equilibrium adsorption capacity increases. The
maximum adsorption capacity, g, of RBBR dye molecules
increased from 93.12 mg g™ at 303 K to 112.27 mg g~ at 323 K.
The increase in decolorization efficiency, and equilibrium dye
uptake onto the particle surface at higher temperature sug-
gests that the adsorption process was rapid and endothermic
in nature. This is because the pore volume of the GLP adsor-
bent particles was enlarged at elevated temperatures [20,29].

® Langmuir isotherm model ]

0.05

0.04 4

0.03 4

1/g (gmg’)

0.02 4

0.01 4

0.0 0.2 0.4 0.6 0.8 1.0

-1
1/C, (Lmg *)

Fig. 11. Langmuir isotherm plot for adsorption of RBBR dye
onto GLP adsorbent (initial pH: 1.8; initial dye concentration:
50-250 mg L™; adsorbent dosage: 2.5 g L™; particle size: 125 um;
agitation speed: 150 rpm; temperature: 303 K; contact time: 24 h).

The pore volume was observed to increase from 1.5 mm?® g™
at room temperature (303 K) to 2.4 mm® g™ at 323 K. This
phenomenon may be due to an increase in the diffusion of
dye molecules across the boundary layer and the interior
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Table 9

Comparison of maximum monolayer adsorption capacity of RBBR dye onto various adsorbents
Adsorbent Maximum adsorption References

capacity g4, (mgg™)

Multi-walled carbon nano tubes 6.89 [11]
Pineapple leaf powder and lime leaf powder 9.58 [70]
Orange peel 10.70 [71]
Surfactant-modified zeolite 13.90 [72]
Bone char prepared by CO, atmosphere 20.60 [73]
Pirina pretreated with HNO, 23.63 [74]
Red mud 27.80 [75]
Polyaniline doped p-Toluene sulfonic acid 28.27 [76]
Zinc oxide 38.90 [5]
Polyaniline camphor sulfonic acid 42.00 [76]
Water hyacinth root powder 58.82 [77]
Activated carbon prepared from a pine cone 60.98 [78]
Macrophyte Salvinia natans 61.90 [79]
Immobilized Scenedesmus quadricauda (green algae) 68.00 [80]

Guava leaf powder

93.12 Present study

structures of the solid leading to a reduction in the swelling
of the adsorbate molecules with rising temperatures [17,29].
More of the dye particles can gain adequate energy to bind
with the sites at the solid particle surface. The enhancement
in the adsorption capacity at higher temperature suggests
the chemical interaction between dye molecules and adsor-
bent or generation of some new adsorption binding sites in
the particle surface [81]. In addition, at higher temperature
may create a swelling effect within the inner structure of
the adsorbent thus allowing more adsorbate molecules to
diffuse additionally [30]. The thermodynamic parameters
were calculated from the Van't Hoff plot (Fig. 13), and the
values are reported in Table 10. It shows that the values of
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Fig. 12. Effect of temperature on adsorption of RBBR dye
onto GLP adsorbent (initial pH: 1.8; initial dye concentration:
50-250 mg L; adsorbent dosage: 2.5 g L; particle size: 125 pum;
agitation speed: 150 rpm; contact time: 24 h).

AG diminished with the increase in temperature, suggesting
that the adsorption was a spontaneous process. The values
of AG become more negative with raise in temperature, sug-
gesting that higher temperatures promote the adsorption
of dye molecules. A positive value of AH again proves that
that the adsorption of RBBR onto the GLP adsorbent is an
endothermic process. The positive value of AS suggests more
chance of adsorbate molecules on the particle surface than
in the dye solution. The activation energy (E,) of adsorp-
tion was determined from the Arrhenius plot (Fig. 14) and
found to be 67.26 k] mole™ with an adsorbate concentration
of 200 mg L. The E, values are found in the ranges between
60.93 and 67.26 k] mole™ at various adsorbate concentrations

1.2 4 ® Van't Hoff plot
11.0 1
~ 1084
‘o0
S
M” 10.6
£
10.4 1
10.2 1
10.0
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0.00310 0.00315 0.00320 0.00325 0.00330

T &Y

Fig. 13. Van't Hoff plot for adsorption of RBBR dye onto GLP
adsorbent (initial pH: 1.8; initial dye concentration: 50-250 mg L™;
adsorbent dosage: 2.5 g L; particle size: 125 pum; agitation speed:
150 rpm; contact time: 24 h).
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Table 10

Thermodynamic parameters for the adsorption of RBBR dye onto GLP adsorbent

Temperature (K) Maximum adsorption

Thermodynamic parameters

capacity q,,,, (mg &™)

AG (k] mole™)

AH (k] mole™) AS (k] mole'K™)

303 93.124 —25.500
313 105.596 —27.227 43.413 0.2272
323 112.271 -30.054

and it is given in Table S3. The value of AH (43.413 k] mole™)
and activation energy (65.037 k] mole™) indicates that dye
adsorption onto the GLP adsorbent was chemisorptive pro-
cess [42,45]. It may confirm that the covalent bond between
RBBR dye molecules and binding sites on the solid particle at
higher temperature [46].

3.6. Inference from adsorption kinetic models

The adsorption kinetics for the removal of RBBR onto
the GLP adsorbent was rapid in the initial phases of the
process. However, the dye uptake rate later diminished
progressively with time. The active sites saturated at
approximately 3 h for 50 mg L7, 4 h for 100 mg L7, 5 h for
150 mg L7, 6.5 h for 200 mg L™ and 8 h for 250 mg L. Fig. S7
shows that the % color removal of RBBR slowly decreased
from 97.94% to 85.31%, but the value of g, increased
from 19.59 to 85.31 mg g™ with the increase in adsorbate
concentration from 50 to 250 mg L. The decrease in decol-
orization efficiency with rise in adsorbate concentration is
due to aggregation of adsorbate in the active sites of the
adsorbent (available binding sites on the adsorbent sur-
face were saturated) and increased competition between
the more adsorbate molecules at the fixed active sites of
the adsorbent. Therefore, lack of available active sites in the
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Fig. 14. Arrhenius plot for adsorption of RBBR dye onto GLP
adsorbent (initial pH: 1.8; initial dye concentration: 50-250 mg L™;
adsorbent dosage: 2.5 g L; particle size: 125 um; agitation speed:
150 rpm; contact time: 24 h).

adsorbent surface lead to decrease in the % adsorption [82].
The value of initial adsorption rate (k) enhanced from 10.594
to 17.458 mg g~ min! with increase in initial adsorbate con-
centration. The greater in value of g, and / is due to increase
in concentration difference among the adsorbate concen-
tration in the solution and the surface of the solid particle.
This concentration gradient is the diffusion of adsorbate
molecules from feed solution to the particle surface [83].
The linearized form of the pseudo-first-order and pseu-
do-second-order kinetic plots is shown in Figs. 15 and S8,
respectively, and the results obtained from these plots were
shown in Table 11. It was observed that the lower value
of SD (0.29%-1.77%) and higher value of R?(0.9999) in the
concentration ranges between 50 and 250 mg L~ suggests
that the experimental data for decolorization of RBBR onto
GLP adsorbent were appropriately fitted with pseudo-sec-
ond-order model. Furthermore, the g values evaluated from
the pseudo-second-order model were closer to the experi-
mental values at various adsorbate concentrations than that
from the pseudo-first-order model. The predicted values of
g, from pseudo-first-order kinetic model greatly diverged
from the experimental values, higher value of SD and lower
value of R*suggests that this model is not valid for adsorp-
tion of RBBR. It may be due to the existence of a boundary
layer or to the mass transfer resistance from outer surface
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Fig. 15. Ho’s pseudo-second-order kinetic plot for adsorption
of RBBR dye onto GLP adsorbent (initial pH: 1.8; initial dye

concentration: 50-250 mg L7; adsorbent dosage: 2.5 g L™; par-
ticle size: 125 um; agitation speed: 150 rpm; contact time: 24 h).
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Table 11
Kinetic parameters for the adsorption of RBBR dye onto GLP adsorbent
Initial dye - Pseudo-first-order kinetic model Pseudo-second-order kinetic model
concentration (mg L)  (mgg™) G K, SD (%) R Qo H K, SD R2
(mgg™) (min™) (mgg™) (mgg'min™) (gmg minT) (%)
50 19.589 2.468 0.0182 27.639 0.8728 19.786  10.595 0.0276 0.319 0.9999
100 32.346 11.539 0.0163 20.342 0.9281 34.161 11.024 0.0105 1.774  0.9999
150 57.271 16.645 0.0114 20477 0.9576 56.593 12.216 0.0037 0.342  0.9999
200 73.421 25.549 0.0072 18.084 0.9632 75.930  13.462 0.0025 0.948 0.9993
250 85.308 28.839 0.0065 17.091 0.9455 86.281 14.184 0.0019 0.294  0.9996

of the particle at the beginning of adsorption. The above
results suggested that the process can be best fitted by the
pseudo-second-order rate equation and it can be an endo-
thermic chemisorption. The adsorption experiments were
performed at pH 1.8 and the zero potential charge of the
adsorbent has been found to occur at pH 6.5. Hence at pH 1.8,
the binding sites in the adsorbent were positively charged
which promotes the attraction of negatively charged anionic
dye molecules. The adsorption process was chemisorption
involving strong binding forces via sharing or ion exchange
of electrons among the adsorbent and adsorbate mole-
cules as covalent forces [84]. The calculated value of E, and
AH in the studied adsorption process again confirms the
involvement of chemisorption mechanism as discussed in
section 3.5. The rate constant, K,, decreased from 0.0276 to
9.481 x 10* g mg' min~ with increase in adsorbate concen-
tration from 50 to 250 mg L. This may be due to increased
competition at the active sites on the adsorbent surface at
higher concentration and decreased competition for the
binding sites at lower adsorbate concentrations [85].

3.7. Possible interactions between the RBBR dye
and the GLP adsorbent

In order to understand the adsorption process of dye
onto the GLP adsorbent, a mechanism of adsorption is
essential. In fact, the process of adsorption is controlled by
various factors such as nature of functional groups pres-
ent in adsorbate and adsorbent, the structural and surface
properties of the adsorbent, diffusion behavior of adsorbate
towards the adsorbent, and the mode of their interaction.
Indeed, the adsorption of dye occurs through physisorption
or chemisorption, depending on the nature of mutual inter-
action between adsorbent surface and adsorbate. In many
cases, the accumulation of dye on agricultural biomass mate-
rials happens due to the involvement of many interactions
such as I'T-IT interaction, electrostatic attraction, and hydro-
gen bonding, which can occur during the adsorption pro-
cess. RBBR is an anionic dye that contains a sulfonic group
in its structure, which ionizes in aqueous solution, forming
colored anions, together with aromatic rings. The amount
of (-SO;) anions is an important factor for adsorption of
RBBR. Agricultural materials particularly those containing
cellulose show potential adsorption capacity for various pol-
lutants. The major components present in the agricultural
waste materials are cellulose, hemicellulose, lignin, lipids,

proteins, and various functional groups. It may appears that
the major mechanism of interactions between carbonaceous
materials and adsorbate is the IT-IT stacking (most possible
driving force for the adsorption of dyes is the I'-IT interac-
tion between aromatic rings of GLP adsorbent and dye mol-
ecules). The proposed mechanism for adsorption of RBBR
dye onto GLP adsorbent is shown in Fig. 16. ATR analysis
demonstrated that the carbon surface of the adsorbent con-
tain more hydroxyl, methyl, and carbonyl species. These
groups may interact with the IT electron of the aromatic ring
of the RBBR. Fig. 16 shows that the hydroxyl species getting
involved in the binding of dye molecules on the surface of
the adsorbent. A similar type of mechanism is also reported
in the literature [86]. In addition, film diffusion and pore dif-
fusion models have been most frequently used for examin-
ing their diffusion mechanism.

3.8. Inference from adsorption rate mechanism

The pore diffusion plot for the removal of RBBR onto the
GLP adsorbent in three regions is shown in Fig. 17 and the
model constants are given in Table S4. From Fig. 17, the first
region follows the external film diffusion of the dye molecules
and the process is rapid. It shows that the strong electrostatic
interaction among adsorbate molecules and outer surface
of the adsorbent. Second section is attributed to progressive
adsorption stage, where intra-particle diffusion is rate con-
trolling. It signifies the movement of adsorbate molecule
through the pores [87]. The third region refers to the ultimate
equilibrium stage and the pore diffusion starts to decrease
due to the exceedingly low dye concentration in the aqueous
solution [88]. Extrapolation of the second section back to the
y axis yields the value of C. A larger boundary layer diffusion
effect is showed by a large intercept value. The decrease in
intercept value denotes that the process is mainly controlled
by pore diffusion, with a slight effect of external film diffusion.
Also, the plots at each concentration do not pass through the
origin, indicating that the pore diffusion was not only the rate
limiting step [89]. The value of K; obtained from these plots
increased with increase in initial adsorbate concentration.
From Table 54, the value of R?of the pore diffusion model for
various adsorbate concentrations was lower than pseudo-sec-
ond-order kinetic model. This suggests that the experimental
data were fitted with the pseudo-second-order kinetic model
better. Therefore, the overall rate of the adsorption is mostly
controlled by external boundary layer diffusion, followed by
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Fig. 16. Proposed mechanism for RBBR dye adsorption onto GLP adsorbent.
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Fig. 17. Intra-particle diffusion plot for adsorption of RBBR dye
onto GLP adsorbent (initial pH: 1.8; initial dye concentration:
50-250 mg L; adsorbent dosage: 2.5 g L; particle size: 125 um;
agitation speed: 150 rpm; contact time: 24 h).

a small effect of pore diffusion of RBBR dye anions to the par-
ticle interior surface. It was found that the adsorption pro-
cess may be limited due to external boundary layer diffusion
at initial stages and as the solid particles are accumulated
with adsorbate molecules, it may be governed due to pore
diffusion at subsequent stages [90]. The Bangham and Boyd
kinetic expressions were used to further analyze the experi-
mental data. The Boyd plot (Fig. 18) and Bangham plot (Fig.
S9) were found to be a straight line that did not miss the ori-
gin and it suggests that the external boundary layer diffusion
mostly controls the overall rate of the reaction.

3.9. Inference from desorption studies and reusability of GLP
adsorbent

Desorption experiments were performed for the removal
of RBBR from GLP adsorbent and results are shown in Fig.
S10 and Table S5. It exhibits that the measure of RBBR dye
desorbed reduced with an increase in number of runs. The %
desorption in all the runs was determined to be in the order
of methanol > ethanol > 1 M NaOH > acetone with various
desorbing reagents in separate batches. It was found that up
to a maximum of 54.37% of the dye could be desorbed using
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Fig. 18. Boyd plot for adsorption of RBBR dye onto GLP adsor-
bent (initial pH: 1.8; initial dye concentration: 50250 mg L7;
adsorbent dosage: 2.5 g L™; particle size: 125 um; agitation speed:
150 rpm; contact time: 24 h).

the solvent methanol in the third run, compared with other
desorbing reagents. This may be due to the low volume of
the desorbing reagent used or lack of agitation speed, which
may prevent further release of bound dye anions to the sol-
vent [20].

The regenerated GLP adsorbent was added to the dye
solution of concentration 200 mg L. The regenerated adsor-
bent was tested in the second and third runs. The results
obtained from reusability studies for the adsorption of RBBR
in various runs are shown in Fig. S11 and Table S6. It shows
that, in comparison with the first run, 80.46% adsorption was
maintained after 24 h in the second run and 67.48% in the
third run (using desorbing reagent methanol in the desorp-
tion process). This may be because of the incomplete desorp-
tion of the bound adsorbate molecules from the adsorbent
binding sites (adsorbent active sites are almost blocked with
RBBR dye molecules) and lack of vacant sites on the solid
particle surface [13]. Therefore, the dye adsorption % gradu-
ally decreased with the increase in the number of runs.

4. Conclusion

The adsorption of RBBR using GLP adsorbent has been
investigated in this study. The prepared adsorbent was char-
acterized using ATR, SEM, BET and proximate analysis. The
peaks in ATR studies revealed that the surface of the adsor-
bent material contains abundant hydroxyl, methyl, and car-
bonyl groups. Lower pH was found to favor the adsorption
process. The % color removal of RBBR was found to decrease
with increase in initial pH, adsorbate concentration and par-
ticle size. It increased with increase in adsorbent mass, and
agitation speed. The adsorption capacity (g,) improved as the
initial adsorbate concentration increased. Higher temperature
increased the adsorption, however the adsorption capacity g,
reduced with increase in mass of adsorbent per L. The batch
experiments were performed for the optimization of import-
ant process parameters using central composite design. The

Langmuir model best fit the adsorption equilibrium suggest-
ing monolayer adsorption. The pseudo-second-order kinetic
model fitted the kinetic data best. The nature of the process
was spontaneous and endothermic; thus higher tempera-
tures favor the adsorption. The activation energy and change
in enthalpy of adsorption suggests that the adsorption is a
chemisorption process controlled by external boundary layer
diffusion and it is the rate limiting step. Desorption studies
on loaded adsorbent showed that the maximum % of RRBR
dye could be desorbed using the solvent ethanol. It shows
that the % desorption reduced with the total number of runs
for all desorbing reagents. The regenerated adsorbent can
be used effectively up to three cycles to adsorb RBBR dye in
aqueous solutions in the absence of deprivation of adsorbent
or considerable depletion in % color removal. The experimen-
tal results concluded that GLP is can be used as an excellent
adsorbent for the removal of synthetic dye from wastewater.
The better decolorization efficiency of synthetic dye effluent
suggests that the guava leaf adsorbent may be used effec-
tively to decolorize anionic dyes from industrial effluents.

Symbols and abbreviations

A — Arrhenius frequency factor

AAD — Absolute average deviation

AdjMS — Adjusted mean squares

AdjSS — Adjusted sum of squares

ANOVA — Analysis of variance

ATR — Attenuated transmission reflector

BET — Brunauer-Emmett-Teller

B, — Mathematical function of F

b, — Offset term

b, — Regression coefficients for linear effect

b, — Regression coefficients for quadratic effect

b, — Regression coefficients for interaction effect

b, — Adsorption energy, k] mole™

C — Constant, Intercept value

CCD — Central composite design

G, — Initial dye concentration in solution, mg L™

C, — Equilibrium dye concentration in solution,
mg L™

C, — Dye concentration in solution at any time f,
mg L™

DF — Degree of freedom

E, — Activation energy of adsorption, k] mole™

EDS — Energy dispersive X-ray spectroscopy

F — Ratio of amount of dye adsorbed at any time ¢
to equilibrium

tatictics — Fisher’s F-test
— Number of variables

FESEM  — Field emission scanning electron microscopy

h — Initial rate of adsorption, g g min™

K, — Adsorption equilibrium constant, L g~!

K, — Freundlich isotherm constant, L g

K, — Intra-particle diffusion rate constant,
mg g min?

K, — Langmuir isotherm constant, L mg

K, — Temkin isotherm constant, L g~

K, — Pseudo-first-order rate constant, min!

K, — Pseudo-second-order rate constant, g mg~ min™

k, — Bangham constant, L*g
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MB — Methylene blue

m — Mass of adsorbent per volume of solution,
gL

N — Numbers of experimental runs

N, — Number of data points

N, — Center points

n — Heterogeneity factor

P — Probability value

PRESS  — Predicted residual sum of squares

q, — Amount of dye adsorbed at equilibrium,
mg g™

pexpt — Experimental adsorption capacity, mg g™

ocalc — Calculated adsorption capacity, mg g™

Do — Theoretical monolayer maximum saturation
capacity, mg g™

q, — Amount of dye adsorbed on the adsorbent
surface at any time ¢, min

R — Universal gas constant, 8.314 ] mole K*

R? — Linear regression correlation coefficient

R, — Langmuir isotherm separation factor

RBBR — Remazol brilliant blue-R

RMSE — Root mean square error

RSM — Response surface methodology

S — Value of S chart

SD — Standard deviation

SE — Standard error

SEM — Scanning electron microscopy

Seq SS — Sequential sum of squares

T stics — Student T-test

t — Adsorption time, min

T — Temperature, K

\% — Volume of dye solution, mL

w — Mass of guava leaf adsorbent, g

X, — Dimensionless value of a process variable X,

X, — Real value of an independent variable

X, — Value of X, at the center point

X, — Initial pH

X, — Initial dye concentration, mg L™

X, — Adsorbent dosage, g L

X, — Adsorbent particle size, um

Y, — Predicted response variable

Y, — Actual response variable

AG — Changes in Gibbs free energy, k] mole™

AH — Changes in enthalpy, k] mole™

AS — Changes in entropy, k] mole K

Vi — Number of factorial points

2f — Axial points

Greek

a — Constant

0X — Step change

X — Chi-square test value
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Supplementary information

Table S1
Proximate analysis of GLP adsorbent

Parameters Values (%)
Moisture content 7.62
Volatile matter 67.34

Ash content 6.50

Fixed carbon 18.54

Table S2
Chemical characterization of GLP before and after adsorption

Process mode

Elements (weight %)

Carbon Oxygen Silicon Calcium
Before adsorption ~ 47.34 51.22 0.16 1.28
After adsorption 48.12 51.45 - -
Table S3

Activation energy for the adsorption of RBBR dye onto GLP
adsorbent at various initial dye concentrations

Initial dye Activation energy,
concentration (mg L) E, (k] mole™)

50 60.931

100 67.012

150 66.178

200 67.262

250 63.805
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Table S4
Kinetic model constants for intra-particle diffusion at different

initial RBBR dye concentrations

Initial dye Intra-particle diffusion model
concentration, C, (mg L™) K (mg g min?) C R2

50 0.080 18.406 0.9599
100 0.397 33.407 0.9584
150 0.321 50.997 0.9527
200 0.940 55.900 0.9687
250 0.859 66.515 0.9954

Table S5

Desorption studies for the removal of RBBR dye from GLP
adsorbent in various runs

SL Desorbing % Desorption of RBBR dye from
No reagent GLP adsorbent
1st run 2nd run 3rd run
1 Methanol 83.482 72.237 54.366
2 Ethanol 72.637 57.31 38.774
3 Acetone 57.839 38.781 20.454
4 1 M NaOH 66.792 46.504 33.637
Table S6

Reusability of GLP adsorbent for the adsorption of RBBR dye in
various runs

SL Desorbing % Adsorption of RBBR dye by
No reagent regenerated GLP adsorbent
1st run 2nd run 3rd run
1 Methanol 94.486 80.467 67.477
2 Ethanol 94.439 66.402 52.271
3 Acetone 94.486 45.654 30.748
4 1 M NaOH 94.533 54.019 42.397
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Fig. S1. Effect of initial pH on removal of RBBR dye by GLP
adsorbent (initial dye concentration: 100 mg L™'; adsorbent dos-
age: 5 g L', adsorbent particle size: 105 um; agitation speed:
150 rpm; temperature: 303 K; contact time: 6 h).
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Fig. S2. Effect of GLP adsorbent particle size on RBBR dye
adsorption (initial pH: 2; initial dye concentration: 100 mg L™;
adsorbent dosage: 2 g L7; agitation speed: 150 rpm; temperature:
303 K; contact time: 6 h).
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Fig. S3. Effect of agitation speed on removal of RBBR dye by GLP
adsorbent (initial pH: 6; initial dye concentration: 100 mg L7;
adsorbent dosage: 2 g L7; adsorbent particle size: 72 pum; tem-
perature: 303 K; contact time: 6 h).
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Fig. 54. Freundlich isotherm plot for adsorption of RBBR dye
onto GLP adsorbent (initial pH: 1.8; initial dye concentration:
50-250 mg L; adsorbent dosage: 2.5 g L™; particle size: 125 um;
agitation speed: 150 rpm; temperature: 303 K; contact time: 24 h).
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Fig. S6. Separation factor for adsorption of RBBR dye onto
GLP adsorbent (initial pH: 1.8; initial dye concentration:
50-250 mg L; adsorbent dosage: 2.5 g L7; particle size: 125 um;
agitation speed: 150 rpm; temperature: 303 K; contact time: 24 h).
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Fig. S5. Temkin isotherm plot for adsorption of RBBR dye
onto GLP adsorbent (initial pH: 1.8; initial dye concentration:
50-250 mg L; adsorbent dosage: 2.5 g L; particle size: 125 pm;
agitation speed: 150 rpm; temperature: 303 K; contact time: 24 h).
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Fig. S7. Effect of initial dye concentration on removal of RBBR
dye by GLP adsorbent (initial pH: 1.8; adsorbent dosage: 2.5 g L™;
adsorbent particle size: 125 um; agitation speed: 150 rpm;
temperature: 303 K; contact time: 24 h).
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Fig. S8. Lagergren pseudo-first-order kinetic plot for adsorp-
tion of RBBR dye onto GLP adsorbent (initial pH: 1.8; initial dye
concentration: 50-250 mg L~; adsorbent dosage: 2.5 g L™; parti-
cle size: 125 um; agitation speed: 150 rpm; temperature: 303 K;
contact time: 24 h).
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Fig. 510. Desorption efficiency of RBBR dye from GLP adsorbent

in various runs (volume of desorbing reagent: 100 mL; shaking
speed: 150 rpm; temperature: 303 K; contact time: 24 h).
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Fig. S9. Bangham plot for adsorption of RBBR dye onto GLP
adsorbent (initial pH: 1.8; initial dye concentration: 50-250 mg L;

adsorbent dosage: 2.5 g L; particle size: 125 um; agitation speed:
150 rpm; temperature: 303 K; contact time: 24 h).
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Fig. S11. Reusability of GLP adsorbent for the adsorption of
RBBR dye in various runs (initial pH: 1.8; initial dye concentra-
tion: 200 mg L; volume of dye solution: 100 mL; agitation speed:
150 rpm; temperature: 303 K; contact time: 24 h).



