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Adsorption of Reactive Red 195 from aqueous medium using Lotus (Nelumbo
nucifera) leaf powder chemically modified with dimethylamine: characterization,
isotherms, kinetics, thermodynamics, and mechanism assessment
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ABSTRACT KEYWORDS
Lotus leaf powder (LLP) was chemically modified with dimethylamine (DMA) to achieve a ter- Adsorption; Reactive Red
tiary amine type powder, named DMA-LLP, and used as an adsorbent for the removal of 195 Lotus leaf;
Reactive Red 195 (RR 195) from the aqueous medium. DMA-LLP was characterized using field ~Kinetics; isotherms
emission-scanning electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDX),
Brunauer-Emmett-Teller (BET), point of zero charge (pHpzc), and fourier transform infrared (FTIR)

spectroscopy. The kinetic data exhibited a good correlation coefficient (R> > 0.9916) for the
pseudo-second-order model. To evaluate the equilibrium data at different temperatures, the

non-linear Langmuir and Freundlich isothermal models were used. The Langmuir model best

described the equilibrium data (R°> > 0.9931). The maximum adsorption uptake from the

Langmuir model, gmax Was 131.5mg/g (pH = 2.0, C, = 300 mg/L, dosage = 0.039/30 mL, and

T=298K). The pHpzc of DMA-LLP was found to be 5.5. The obtained thermodynamic parame-

ters demonstrated the spontaneous and endothermic nature of the adsorption. The regener-

ation findings indicate that DMA-LLP could be used up to five times, with maximum removal

of 72% achieved after the fifth cycle. Thus, we conclude that the DMA-LLP was an efficient

adsorbent for removing RR 195 from the aqueous environment.

NOVELTY STATEMENT

In the modern era, dyes are inevitable and their surging usage leads to colossal contamination
of aqueous streams, thereby threatening both the land and aquatic species. One among such
dye is anionic Reactive Red 195 (RR 195), and traceable even at minute concentrations of aque-
ous streams, posing a severe threat to living species. Moreover, RR 195 is highly recalcitrant
offering resistance to biodegradation due to the presence of an azo (-N=N-) group within its
structure. Thus, there is a definite need to address the issue of eliminating RR 195 from indus-
trial wastewater effluents. In lieu of this, the primitive objective of this study is to test the
effectiveness of the natural adsorbent lotus leaf (Nelumbo nucifera) for the selective sorption of
RR 195 from the aqueous stream. Although ample literature is available on the direct utilization
of lotus leaf as adsorbent, yet no study was performed on the chemical modification (dimethyl-
amine) of the aforementioned adsorbent. Hence, an attempt has been made in this direction to
add a new sorbent into the adsorbents database.

CONTACT Jet-Chau Wen @ wenjc@yuntech.edu.tw @ Research Centre for Soil & Water Resources and Natural Disaster Prevention (SWAN), National Yunlin
University of Science & Technology, Douliou, Taiwan; Department of Safety, Health, and Environmental Engineering, National Yunlin University of Science and
Technology, Douliou, Taiwan.
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Introduction

Rapid industrialization and increased agricultural activities
resulted in a substantial decline in the water quality that has
affected both surface and ground waters (Xu et al. 2020).
One of the global severe environmental concerns is the pres-
ence of numerous hazardous dyes (like methyl orange,
congo red, methylene blue, eosin yellow, etc.) in wastewater
released from various industries (Anitha et al 2016;
Albadarin et al. 2017; Zubair et al. 2018; Ahmed et al
2020). Dyes are classified as nonionic (dispersed dyes), cat-
ionic (all basic dyes), and anionic (reactive, direct, and acid
dyes). They play a significant role in textile, leather, plastics,
pulp and paper mills, food processing, dyeing, pharmaceuti-
cals, inkjet printing, and paint industries for coloring the
final products. About 30% of synthetic dyes that are pro-
duced are used by the textile industry. Within the textile
industry, cotton fiber dyeing occupies the predominant pro-
portion. More than half of the cotton fibers that the pro-
duced are dyed with reactive dyes. It was reported that most
of the reactive dyes were lost during textile dyeing leading
to large amounts of effluent wastewater that is mostly conta-
minated with various dyes (Cardoso et al. 2012), which will
adversely impact the aquatic environment by hindering sun-
light penetration consequently photosynthesis of aqueous
flora (Cardoso, Lima, Calvete, et al. 2011b, Cardoso, Lima,
Pinto, et al. 2011a). Besides, these dyes cause various aberra-
tions, such as allergic dermatitis, skin irritation, and even
cause cancer in humans due to mutations (Alves de Lima et
al. 2007; Brookstein 2009; Carneiro et al. 2010). To over-
come this issue, reactive dyes should be sufficiently elimi-
nated from the industrial effluents before being discharged
into aquatic systems. However, due to their complex aro-
matic molecular structure, stability, and non-biodegradable
nature it is rather challenging to treat these reactive dye
effluents (Cardoso et al. 2012). Reactive Red 195, a water-
soluble anionic dye is posing risks on the ecosystem as well
as human health. Due to the presence of an azo (-N=N-)
group within its structure, RR 195 is resistant to undergo
natural biodegradation. Consequently, the elimination of RR
195 from industrial wastewater effluents is the need of
the hour.

Previous studies suggested various physicochemical or
biological techniques to deal with this issue. These methods
include reverse osmosis (Uzal et al. 2010), ion exchange
(Raghu and Ahmed Basha 2007), electrochemical (Mu et al.
2009), advanced oxidation process (Nidheesh et al. 2018),
coagulation/flocculation (Moghaddam et al. 2010), photode-
gradation (Khan et al. 2017; Naushad et al. 2019; Hassani et
al. 2020; Sharma et al. 2020; Yashni et al. 2020), membrane
filtration (Qi et al. 2019), adsorption (Munagapati et al.
2019), etc. have been used for the removal of dyes from
aqueous media. Among these methods, adsorption has been
proven to be the most potential one due to its simplicity of
design, flexibility, ability to separate a wide range of chem-
ical compounds, high adaptability, cheapness, high effi-
ciency, and reusability. However, selecting an appropriate
adsorbent is challenging. For example, activated carbon and
silica gel are the most preferred adsorbents due to their
potent adsorption capacity. But their high cost and related
problems restrict their usage limits. Therefore, the scientific
community is in the process of developing newer adsorbents
from natural materials and domestic, agricultural, and
industrial wastes. Previous studies were shown several
adsorbents from natural origin. For example leaves
(Guerrero-Coronilla et al. 2015; Peydayesh and Rahbar-
Kelishami 2015; Devi et al. 2020), wheat bran (Gicek et al.
2007), barks (Ahmad 2009; Asif Tahir et al. 2016), fruit
peels (Munagapati et al. 2018; Stavrinou et al. 2018), saw-
dust (Wang et al. 2014), moringa oleifera seed (Celekli et al.
2019), nutshells (Sartape et al. 2017; Sentiirk and Alzein
2020), and other similar inexpensive materials. However,
adsorbents made from a single source of a compound may
suffer from specificity and usage limitations. There are a
growing interest and scope in developing newer adsorbents
that are chemically modified, which would work efficiently
than their unmodified precursors. Recently, a variety of
chemicals such as citric acid (Ghosh and Bandyopadhyay
2017), sodium hydroxide (Jain and Gogate 2017), phos-
phoric acid (Ahmaruzzaman et gl. 2015), ammonia and lau-
ric acid (Yang and Hong 2018), sulfuric acid (Krishna
Murthy et al. 2019), tetradecyltrimethyl ammonium bromide
(Mahmoud et al. 2016), polyethyleneimine (Wong et al.
2019), were shown to be successfully used to modify the
sorption capacity of waste materials based biosorbents.



Nevertheless, it is notable to mention that the choice of a
modifying chemical agent depends on certain factors. They
are the nature of starting material, the overall cost of the
process, the nature of polluting adsorbate, and ultimately
the adsorption capacity under the adopted set of conditions.

A common aquatic species, Nelumbo nucifera (Lotus), is
an ornamental plant and also a farm product. During the
usage of this plant for various purposes, usually the lotus
leaves are discarded. But these leaves are considered to be a
cheap, abundant, renewable, and eco-friendly resource. It is
known that both leaves and plumules of lotus showed medi-
cinal properties that have been used in traditional medicine
to treat hemoptysis, obesity, diarrhea, hyperlipidemia,
metrorrhagia, insomnia, nervous disorders, high fevers with
restlessness, and cardiovascular diseases such as hyperten-
sion and arrhythmia (Chen et al. 2019). These leaves are
known to contain rich plant fibers, proteins, and compo-
nents with various functional groups. Lotus leaf can be used
as an excellent adsorbent to remove pollutants from an
aqueous medium (Han et al. 2011, 2014).

A literature survey showed that researchers had not used
DMA-LLP as a biosorbent for the removal of RR 195 from
the aqueous phase. The present study is aimed to (i) DMA-
LLP applied efficient removal of RR 195; (ii) characterize
the DMA-LLP using FE-SEM, EDX, BET, pHpyc, and FTIR;
(iii) investigate the factors affecting the adsorption process;
(iv) study the isotherms, kinetics, and thermodynamics of
the sorption process; (v) evaluate the regeneration of DMA-
LLP; (vi) explore the possible reaction mechanism for the
removal of RR 195 onto DMA-LLP.

Materials and methods
Materials

All of the other reagents used were AR grade in the current
study. 1000 mg/L of the RR 195 stock solution was prepared
by dissolving a suitable volume of RR 195 in deionized (DI)
water. Diluting the stock solution was used to prepare work-
ing solutions varying from 100 to 1000 mg/L of RR 195.

Preparation of LLP

The Lotus leaves (LL) were collected locally from the cam-
pus of YUNTECH, Douliu, Taiwan. The gathered leaves
were cleaned with tap water to remove the dust and other
impurities and eventually washed with DI water. The rinsed
leaves were then cut into small pieces and air-dried for one
week at room temperature and then for 24h at 343K in a
hot-air oven. The dried leaves were ground to a powdered
form and 20-40 mesh fractions were then sieved. The pow-
der was dried for 24h at 343K after thorough washing with
DI water. The dried powder was boiled in double DI water
until the water becomes colorless by repeatedly replacing it.
This indicates the removal of water-soluble color com-
pounds in the powdered sample. The washed and the boiled
powder was oven dried for 24h at 343 K. The obtained bio-
mass was named LLP.
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Preparation of DMA-LLP

The DMA-LLP was prepared as follows. 5.0g of the LLP
was mixed with a mixture of 5.0g of HO(CH,0),H (paraf-
ormaldehyde) and 100 mL of HCI solution and was stirred
for 15h at 348K. The formed product (chlorinated) was
cleaned with DI water and kept in a hot air oven for 4h at
333 K. After cooling, added 50 mL of 50% (CH3),NH (dime-
thylamine) solution and 10mL of 37% HCHO (formalde-
hyde) solution and continuously stirred for 4h with 353 K
temperature. The product was filtered and first washed with
a base, NaOH (0.1 M) next with acid, HCI (0.1 M) and
finally washed with NaCl (0.1M) solution. Finally, the
resulting product was obtained after drying in a hot air
oven at 333K for 6h and sieved to 45 (0.35 mm) mesh size.
The reaction occurs as follows:

CH
37% HCHO ~Hs
@®—NH, + HOCHO)H ~Co1-HCL @ —NH-CHy-Cl ———— > @—NH-CH,~N
50% (CH3),NH CHj
c®
© CHs 0.1M NaOH
h
A = Adsorbent @'_NH_CHQ_N‘H
CH 0.1M HCI
3
Characterization

By using FE-SEM (JEOL, JSM-7800F, Japan), the surface
morphology of the DMA-LLP was elucidated before and
after RR 195 adsorption. The instrument was combined with
an EDX analyzer that was used in examining the elemental
composition of the DMA-LLP. The FTIR (Nicolet IS10,
Thermo Scientific, USA) was used to determine the surface
functional groups of the DMA-LLP before and after RR 195
adsorption. The samples were incorporated in KBr pellets
and the spectrum was obtained in the range of
4000-400 cm ™~ '. The textural characteristics of DMA-LLP
were obtained from the conventional analysis of N, adsorp-
tion/desorption (Micromeritics ASAP 2060, USA) isotherms
measured at 77.35K. The pHpzc of the DMA-LLP was
determined according to the method described in the litera-
ture (Stavrinou et al. 2018). 30 mL of NaCl (0.01 M) solution
was transferred to a series of 50 mL polypropylene tubes in
this process. By adding either NaOH or HCl (0.1 M), the
pH; (initial pH) solution was adjusted from 2.0 to 12.0 for
each tube. Then 0.03 g of DMA-LLP was added to each tube
and the tubes were placed for 24h in an orbital shaker at a
constant temperature. The suspensions were filtered and the
solutions were noted by pHg (final pH). In addition, by plot-
ting a graph of pH = pH;-pHs against pH;, the pHpyc values
are evaluated by crossing the line ApH = 0.

Batch adsorption experiments

A batch method was examined for the adsorption of RR 195
on the DMA-LLP. An amount of 0.03g of the DMA-LLP
was added with a volume of dye solution (30mL) and
stirred for a period of time at 200 rpm. The initial pH solu-
tion (2.0-12.0) was measured by a digital pH (Mettler
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Toledo, USA) meter and properly adjusted using NaOH (or)
HCl 0.1M solution. At the end of each experiment, the
adsorbent was separated from the solution after shaking for
a certain period of time by centrifugation at 3000 rpm for
10 min. The estimation of the adsorbed amount of dye con-
centration was calculated at the wavelength of 534 nm using
a UV-Visible spectrophotometer (CT-2200, Taiwan) after
proper dilutions. Each experimental test was carried out in
duplicate and for data interpretation, the mean value was
taken. Contact time (0-420min), adsorbent dosage
(0.03-0.1g/30mL),  initial  concentration of  dye
(100-1000 mg/L), and temperature (298-328K) were eval-
uated. In all cases, the adsorbed amount of RR 195 dye at
equilibrium, g, (mg/g), was calculated using the following
Eq. (1):

——Ce)V (1)

Desorption and regeneration studies

Four eluents of different nature have been investigated for
desorption studies. For this, one alkaline (NaOH 0.1 M), one
salt (NaCl 0.1 M), one acidic (H,SO, 0.1 M), and DI water
have been used as desorbing eluents. Initially, the adsorption
process has been carried out using the following procedure:
0.03g of DMA-LLP was added to the solution containing
30 mL of 300 mg/L of RR 195 for 150 min under 200 rpm at
298 K. After 150min, the loaded adsorbent was separated
from the adsorbate solution and again agitated with the elu-
ents at the same experimental conditions, for desorption
study. The desorption efficiency of RR 195 was determined
using the following equation:

Amountof RR195desorbed
Amountof RR195adsorbed

Desorptionefficiency = x100 (2)
After each cycle, the adsorbent was washed and soaked
with DI water and filtered. After filtration, the solid residue
was again used for the next cycle. This process has been suc-
cessfully carried out for five adsorption-desorption cycles.

Statistical analysis

The data obtained from a model is generally evaluated by a
non-linear Chi-square ()°) statistical tool. This is the ratio
between the sums of square differences of the data calcu-
lated from isotherm models and experimental data. The
value of y° will be a lower number if the calculated data
closer to the experimental data and a higher number if the
estimated data differ from the experimental data. Therefore,
to validate the best-fit isotherm for adsorption of RR 195 on
the DMA-LLP, it is also appropriate to evaluate the data set
using the 1 test. The expression of %° can be defined as fol-
lows:

Ge,m

2N (= gem)’
'{_Zi:1 (3)

()
g
g
= (b)
z
w0
g
=

v 1 v 1 v 1 v 1 v 1 ' ! ' J
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm_l)

Figure 1. FTIR spectra: (a) unloaded DMA-LLP and (b) RR 195-loaded DMA-LLP.

Results and discussion
Characterization

In a band range of 400-4000 cm ™', FTIR analysis was used to
evaluate the functional groups present on the adsorbent sur-
face. Figure 1 displays the FTIR spectrum of DMA-LLP before
and after adsorption of RR 195. The band around 3365cm '
could be assigned to -NH stretching vibrations. Two strong
bands at 2926 and 2878 cm ™" were assigned for C-H stretch-
ing of the alkyl groups, respectively. The bands at 1614 and
1417cm™" were attributed to the C=C and C-O stretching
vibrations of the carboxyl group. The band at 1335cm ™' may
be attributed to —C-H bending of the alkyl group. The bands
at 1150 and 1105cm ™" can be ascribed to ~OH bending and
C-O stretching vibrations. The band at 1061cm™' was
assigned to C-OH stretching vibration. The bands at 775 and
647 cm ™" corresponded to ~C-H bending and -S = O stretch-
ing vibrations (Figure 1a). The observed that some bands are
shifted, and few additional new bands (1542, 1374, and
1244cm™') are also detected after adsorption of RR 195
(Figure 1b). The observed difference in the spectrum shows
the possibility of those functional groups on the DMA-LLP
surface involving the RR 195 adsorption process. FTIR band
positions (before and after adsorption of RR 195) and func-
tional groups are presented in Table 1.

The surface morphology and the elemental composition
of the adsorbent are found out from the FE-SEM/EDX ana-
lysis. Figure 2 illustrates the FE-SEM images and their
respective EDX spectra of DMA-LLP before and after RR
195 adsorption, respectively. Before adsorption Figure 2a, it
can be observed that the surface of DMA-LLP has aggre-
gated particles with uniform distribution. After adsorption
(Figure 2b), the surface of DMA-LLP was entirely covered
by RR 195, confirming the adsorption of RR 195 onto
DMA-LLP. The EDX analysis of DMA-LLP revealed the
presence of C, O, Na, and CI (Figure 2c), but after RR 195
adsorption, two new peaks of S and Ca elements appeared
(Figure 2d). Additionally, the changes in the values of elem-
ental weight % confirm the successful adsorption of RR 195
on the surface of DMA-LLP.
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Table 1. FTIR bands of the DMA-LLP before and after adsorption of RR 195.

Frequency (cm™")

IR peak Before adsorption After adsorption Differences Vibration assignment

1 3365 3391 —26 Bonded -NH groups

2 2926 2918 8 —CHj stretching

3 2878 2850 28 —-C-H stretching

4 1614 1650 —36 —-C=0 stretching (ketones and aldehydes)
5 - 1542 - C-0 (or) C=C stretching

6 1417 1444 -27 C-O0 stretching

7 - 1374 - -0-H and -C-H bending

8 1335 1318 17 —-C-H bending

9 - 1244 - -0-H bending

10 1150 1158 -8 -0-H bending and C-O stretching
1 1105 1108 -3 C-0 stretching

12 1061 1042 19 C-OH stretching

13 775 779 —4 —-C-H bending

14 647 621 26 -5 =0 stretching

e
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Figure 2. (a, b) FESEM images for DMA-LLP before and after adsorption of RR 195 and (c, d) EDX images of DMA-LLP before and after adsorption of RR 195.

The surface area plays a crucial role in adsorption as it
leads to more number of active sites to the adsorbent. The
BET surface area (Sggr), pore volume (Vp), and pore diameter
(Dp) of the DMA-LLP were determined by using BET
(Brunauer-Emmett-Teller) and BJH (Barret-Joyner-Halenda)
methods. Figure 3a displays the N, adsorption-desorption iso-
therms obtained at 77.35K. The observed isotherm can be
classified as an IV-type isotherm (according to the IUPAC
classification) with the Hj-type hysteresis loop, which indicates

that the mesoporous structure. The DMA-LLP adsorbent per-
mits easy diffusion of dye molecules through its mesoporous
structure for efficient adsorption. The Sggr, Vp, and Dp of
DMA-LLP were obtained from the analysis 4.6m?/g,
0.0067 cc/g, and 2.145nm. Figure 3b depicts the Dp plot of
DMA-LLP. As can be observed that the sharp peak of Dp was
located at 2.15nm, and Dp is mainly in the range of
2.1-8.3nm, suggesting that the DMA-LLP is a mesoporous
(with the diameter of 2-50 nm) nature.
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Effect of pH

One of the significant factors affecting the uptake of adsorp-
tion is the pH of the solution. It regulates the degree of ion-
ization that influences the surface charge of the adsorbent.

74
00030
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Figure 3. (a) N, adsorption-desorption isotherms and (b) pore size distribution
curve of DMA-LLP calculated with the BJH model.
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Figure 4. Effect of (a) pH
ent pHs.

In the pH range of 2.0 to 12.0 at 298K, the initial solution
pH effect on RR 195 adsorption on DMA-LLP was achieved.
As is visible in Figure 4a, DMA-LLP adsorption uptake
decreased from 59.6 to 2.5mg/g when the pH varied from
2.0 to 12.0. The highest RR 195 uptake of adsorption
(59.6 mg/g) was observed at pH 2.0. It is also possible to use
the pHpzc study to clarify the effect of pH on RR 195
adsorption. The pHpzc of the DMA-LLP was found to be
5.5, as shown in Figure 4b. These results reveal that the
DMA-LLP surface can be acquired a negative charge at
pH > pHpzc and a positive charge at pH <pHpyc. The
degree of ionization is high for Reactive dyes in aqueous sol-
utions and forms colored anions due to -SO;~ (sulfonate)
functional groups in their structures. The RR 195 dye has
five -SO;~ groups, and they readily dissociate and gain
negative charges in the aquatic environment. In the present
study, the higher uptakes obtained at a very acidic pH may
be due to the strong electrostatic attractions between RR 195
dye anions (negative charge) and the surface of the adsorb-
ent, DMA-LLP (positive charge). As the pH of the solution
rises significantly above pHpyzc, the number of positively
charged sites decreases and the number of negatively
charged sites raises. The negative charge on the adsorbent
surface is generally not favored for the dye anions because
of electrostatic repulsion. A similar tendency of the pH

(b) 2.5
2.0 1

1.5 1

Uptake [mg/g]
»

7

104

1 T T T T T T
004 005 006 007 008 009 0.10 0.11

Amount of adsorbent dosage [g/30 mL]

T
0.02 003

(c) contact time (d) adsorbent dosage on the adsorption of RR 195 onto DMA-LLP, and (b) point of zero charge of DMA-LLP of differ-



Table 2. Kinetic parameters for the adsorption of RR 195 onto DMA-LLP.
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Pseudo-first-order model

Pseudo-second-order model

Conc. qe, exp qel, cal qu, cal kZ
Adsorbent (mg/L) (mg/qg) (mg/qg) k; (1/min) R? (ma/qg) (9/mg min) R?
DMA-LLP 100 29.6 24.9 0.0399 0.9807 304 0.0008 0.9924
300 60.5 53.1 0.0406 0.9772 61.7 0.0012 0.9916
500 86.8 81.8 0.0494 0.9646 85.9 0.0019 0.9949

solution of the RR 195 adsorption was observed and dis-
cussed in the literature for various types of adsorbents
(Gigek et al. 2007; Belessi et al. 2009; Aksakal and Ucun
2010; Kamranifar et al. 2018). In subsequent adsorption
experiments, the pH of the RR 195 solution was maintained
at 2.0.

Contact time

Another factor that highly affects the efficiency of the
adsorption process is the contact time between the adsorb-
ent and adsorbate molecules. The effect of contact time on
the adsorption of RR 195 onto the DMA-LLP was examined
using various initial dye concentrations (100, 300, and
500 mg/L) at 298K and pH of 2.0. It can be observed from
Figure 4c that the adsorption uptake of RR 195 on the
DMA-LLP increased as the contact time increased up to
150 min for all initial dye concentrations. The saturation of
active sites on the surface of the DMA-LLP is probably after
150 min. Because after 150 min, the adsorption rate becomes
slow. The rate of the initial stage of adsorption is high may
be due to the availability of a large number of vacant surface
sites on the adsorbent surface. After a certain period of
time, the vacant sites were filled up by dye molecules that
leading to generate a repulsive force in the bulk phase
between the adsorbent surface and adsorbate (Mahmoud et
al. 2016). The adsorption efficiency at equilibrium for an
initial dye concentration of 100, 300, and 500 mg/L was
29.6, 60.5, and 86.8mg/g. The equilibrium was attained at
150 min for all initial dye concentrations. Thus, 150 min was
selected as the equilibrium time for further adsorption
experiments in the present study.

Effect of adsorbent dosage

The adsorbent dosage is a dominant factor influencing the
adsorption process because adsorption mainly depends on
the surface area and the availability of active sorption sites
on the adsorbent. Figure 4d displays the effect of DMA-LLP
dosage on the adsorption of RR 195 at 298 K. It was noticed
that the figure the adsorption efficiency of RR 195 remark-
ably decreased from 62.6 to 12.3mg/g with an increase of
DMA-LLP dosage from 0.03 to 0.1 g/30 mL.

With the rising dose of adsorbent, the efficiency of
adsorption is diminished. Based on overlapping or aggrega-
tion of the adsorption sites by adsorbent particles, this may
be clarified. This hinders the overall area of the surface, con-
tributing to reduced adsorption at higher doses of the
adsorbent. The rise in adsorbent dose contributes to satur-
ation of active sites on the adsorbent surface at a constant

dye concentration and volume, and the decrease in contact
between particulate aggregates may be the explanation for
decreased adsorption efficiency because aggregation will
have a direct effect on reducing the adsorbent’s total surface
area and therefore making it difficult to disperse via pores
(Asif Tahir et al. 2016). Thus, the amount of RR 195
adsorbed per unit mass of DMA-LLP was reduced at a
higher DMA-LLP dosage. Therefore, in all the following
subsequent adsorption experiments, the optimum DMA-LLP
dosage was fixed at 0.03 g/30 mL.

Adsorption kinetics

Kinetics is a must for adsorption studies because it can pre-
dict the rate of removal of a pollutant from aqueous solu-
tions. This also helps to better understand the mechanism of
the reaction. The kinetic experiments were carried out using
three different initial concentrations of 100, 300, and
500 mg/L to evaluate the impact of initial dye concentrations
on kinetic behavior. The non-linearized forms of pseudo-
first-order (PFO) and pseudo-second-order (PSO) Kkinetic
equations can be described as the following equations:

9t = g1 (1 — exp (—kit)) (4)
2
qukzt
=_d272" 5
U 1 4 okt )

The estimated constants and R® values for the PFO and
PSO non-linear kinetic models at several initial concentra-
tions are tabulated in Table 2. From Table 2, the lower R’
and the difference between g, .., (experimental) and g,
(calculated) values indicate that the PFO model was not well
fitted to describe the adsorption of RR 195 onto DMA-LLP.
On the other side, the R? values of the PSO model are
greater than those of the PFO model for all initial concen-
trations of RR 195. Moreover, the PSO g, ., (experimental)
values were agreed satisfactory with the g, . (calculated)
values. Therefore, these results indicate that the adsorption
of RR 195 on DMA-LLP was better represented in the PSO
kinetic model. Figure 5 displays the non-linear plots of the
kinetic models PFO and PSO for the adsorption of RR 195
to DMA-LLP.

Adsorption isotherms

In general, adsorption isotherms are known to understand
the interaction of adsorptive molecules with adsorbents and
the distribution of these molecules between the solid and
liquid phases in the equilibrium state. Optimization of the
adsorbent is therefore necessary for the selective removal
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Figure 5. Kinetic models for the adsorption of RR 195 onto DMA-LLP at different concentrations: (a) 100 mg/L, (b) 300 mg/L, and (c) 500 mg/L.

Table 3. Description of adsorption process based on R, values.
R, Separation factor

Nature of adsorption process

Favorable 0<R <1
Unfavorable R, >1
Linear R =1
Irreversible RR=0

Table 4. Langmuir and Freundlich isotherm constants for the adsorption of
RR 195 onto DMA-LLP at different temperatures.

Langmuir Freundlich
Temp. (K) g (Mg/g) K (Umg) R 7 Ki(mglgg n R 7
298 1315 0.0094 0.9956 28.8 10.1 2.556 0.9471 143.2
308 1434 0.0106 0.9931 546 113  2.561 0.9335 153.6
318 151.6 0.0124 0.9969 21.5 11.6 2.581 0.9455 128.7
328 163.7 0.0131 0.9985 189 125 2594 0.9513 119.3

from the environment of pollutants. Non-linearized equilib-
rium models of Langmuir and Freundlich were used for
experimental data at different temperatures in order to
assess the sorption efficiency of DMA-LLP for RR 195.

Langmuir isotherm is based on the assumption of ener-
getically equivalent solid surface pores and forms only a
monolayer of solute on the homogeneous surface of a sin-
gle-solute system.

The Langmuir (non-linear form) model can be described
as:

_ qmaxKL Ce

LA 6
= 11K.C, ©

With the rise in temperature from 298 to 328 K, the value
of Guax rose from 131.5 to 163.7 mg/g. This indicated that
the adsorption of RR 195 onto DMA-LLP was endothermic.
K;, a measure of the binding energy of RR 195 to DMA-
LLP, was found to increase from 0.0094 to 0.0131L/mg
when the temperature was raised from 298 to 328 K. The
value of Kj, being highest at 328K, indicated that RR 195
binding was better with the surface of DMA-LLP at a higher

temperature.
The R; (separation factor) is the essential characteristic of

the Langmuir isotherm defined in the following Eq. (7):

1

1+KG) @)

RL =
The R; values, as shown in Table 3, give an idea of the
nature of the process of adsorption. The calculated R; values
in the present study were found to be 0.248, 0.229, 0.205,
and 0.196 at 298, 308, 318, and 328 K, respectively. These R,
values indicate that the adsorption of RR 195 onto the
DMA-LLP was favorable.
Freundlich model stresses the
having different adsorption energies with multilayer active

over mechanism
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Figure 6. Adsorption isotherms for the adsorption of RR 195 onto DMA-LLP at different temperatures: (a) 298K, (b) 308K, (c) 318K, and (d) 328K.

Table 5. Comparison of maximum monolayer adsorption capacity of different reported adsorbents for RR 195.

Adsorbent Gmax (MQ/q) pH Reference
Wheat bran 116.3 1.5 Gicek et al. (2007)
Modified switchgrass biochar 27.02 5.0 Mahmoud et al. (2016)
Barberry stem powder 27.2 3.0 Kamranifar et al. (2018)
Barberry ash 8.8 3.0 Kamranifar et al. (2018)
Pinus sylvestris Linneo 8.425 1.0 Aksakal and Ucun (2010)

Nanoparticles TiO,

Clinoptilolite

Soybean leaves modified with acetic acid
Modified palygorskite

Grafted carboxymethyl cellulose Nanosized gel
Chitosan coacervated particles

Dehydrated beet pulp carbon

Dimethylamine modified lotus leaf powder

3.186 -
12.0 -

8.16 -
82.1 4.0

131.5 2.0

3.0 Belessi et al. (2009)
Sismanoglu et al. (2010)
Mahanna and Azab (2020)
- Xue et al. (2010)

Radwan et al. (2018)
Pérez-Calderdn et al. (2018)
1.0 Dursun and Tepe (2011)
Present study

sites. The Freundlich (non-linear form) model can be
expressed as:

e = KfCi/” ®)

The values of K were increased with rising temperature,
which displayed that the intensity of adsorption was
improved at higher temperatures. The values of n obtained
expressed the favorability of the adsorption process. The n
values in the present study were > 1; it indicated that RR
195 was favorably adsorbed on the surface of DMA-LLP
(Table 4).

The non-linear isothermal plots of Langmuir and
Freundlich for RR 195 adsorption on DMA-LLP at various

ambient temperatures are shown in Figure 6. The constant
parameters calculated from Langmuir and Freundlich mod-
els based on experimental data and their R% as well as y°
values, are given in Table 4. According to the lowest * and
the highest values of R°, RR 195 adsorption onto DMA-LLP
was best described by the Langmuir model.

Comparison with other adsorbents

To evaluated the RR 195 removal performance of DMA-
LLP, the maximum monolayer adsorption capacity of DMA-
LLP for RR 195 was compared with the variously reported
biosorbents are listed in Table 5. It is clear from the table
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Figure 7. (a) Effect of temperature on the adsorption of RR 195 onto DMA-LLP
and (b) Van't Hoff plot for the adsorption of RR 195 onto DMA-LLP.

Table 6. Thermodynamic parameters for the adsorption of RR 195 onto DMA-
LLP at different temperatures.

AGads A Hads A Sads
Temp. (K) (kJ/mol) (kJ/mol) (kJ/mol K)
298 —2.5642
308 —3.5389 225 0.084
318 —4.3614
328 —5.0892

that the adsorption efficiency of the RR 195 dye molecule
on DMA-LLP was very high when compared with different
reported adsorbents. However, the DMA-LLP shows excel-
lent adsorption efficiency for RR 195 from the aqueous solu-
tion, which approves that the new adsorbent has the
potential for eliminating dye from the aqueous environment.

Effect of temperature

Another significant parameter that governs the efficiency of
the sorption process is temperature. The effect of tempera-
ture was examined at four different temperatures at a con-
stant initial dye concentration of 300 mg/L and pH of 2.0.

(a) 100

80

60 -

40

Desorption rate [%]

204

(b) 100

40 -

20+

Adsorption/desorption [%)
3 8
" 1 L L L 1 1

04

Cycle 1 Cycle 2

Figure 8. (a) Desorption of DMA-LLP using different eluents and (b) adsorp-
tion/desorption cycles of DMA-LLP using 0.1 M NaOH as eluent.

Cycle 3 Cycle 4 Cycle 5

Figure 7a displays the effect of temperature on the adsorp-
tion uptake of DMA-LLP for the removal of RR 195. It’s
clear that the removal of RR 195 was increased with the
temperature rise, which suggested that the adsorption of RR
195 onto DMA-LLP was endothermic. The viscosity of the
solution gets decreased when the temperature is increased
that enhances the rate of across phase boundary crossing of
adsorbate molecules into the inner pores of the solid adsorb-
ent; hence the adsorptive capability of the adsorbent
increases (Thirunavukkarasu et al. 2018).

Thermodynamic studies

The thermodynamic study was performed to investigate the
nature of the sorption process. Present work, the adsorption
of RR 195 onto DMA-LLP was carried out in the tempera-
ture range of 298-328K, and the thermodynamic parame-
ters, including change in Gibb’s free energy (AG**), change
in enthalpy (AH**), and change in entropy (AS°®) were cal-
culated using the following Egs. (9-12).

AG*® = _RTInK, (9)
CAe

K, = 10

C. (10)

AG™ = AH™ — TAS"® (11)
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The calculated thermodynamic parameters and constants
were listed in Table 6. The values of AH** and AS™® can be
calculated by the intercept and slope of the curve of In K,
against 1/T, as displayed in Figure 7b. The negative AG**
values obtained at all temperatures suggest that the adsorp-
tion reaction was feasible and spontaneous (AG™ < 0).
Moreover, the AG** value decrease with a temperature rise
indicates that the RR 195 adsorption was more favorable at
higher temperatures (Razmi et al. 2019). Usually, the values
of AG** between —20.0 and 0.0 kJ/mol corresponds to phys-
isorption; however, G** value between —400.0 and
—80.0kJ/mol corresponds to chemisorption (Konicki et al.
2018). The values of AG** obtained in the current study are
between —20.0 and 0.0kJ/mol, indicating that the dye
adsorbed onto the surface of DMA-LLP through a physi-
sorption mechanism. The positive value of AH*® indicates
the favorable condition that is endothermic (AH*®* > 0)
nature of the adsorption process that implies a strong bond-
ing between the dye and the adsorbent (Pereira et al. 2018).

tion of RR 195 on the active sites of the DMA-LLP and its
affinity toward the dye (Kaur et al. 2015).

Desorption and regeneration studies

It is essential to allow the reuse of adsorbents to make every
adsorption operation more economical. For that desorption
and regeneration of biosorbent is one of the significant
aspects of the adsorption process. The desorption study of
RR 195 from DMA-LLP was carried out using 0.1 M solu-
tion of various eluents NaOH/NaCl/H,SO, and DI water in
the same conditions. Figure 8a displays the comparison
between the different desorption efficiencies. NaOH (0.1 M)
showed the highest desorption efficiency of 94%, while the
use of NaCl (0.1 M), H,SO, (0.1 M), and DI water resulted
in low desorption efficiency 58%, 31%, and 18%, respect-
ively. Therefore, in the present study, NaOH (0.1 M) solu-
tion was selected as the most suitable desorbing eluent to
remove the adsorbed RR 195 molecules on the DMA-LLP



12 . V. S. MUNAGAPATI ET AL.

surface. After desorption, the regeneration studies were car-
ried out with NaOH (0.1 M) for five cycles (adsorption/
desorption) that were done using the same adsorbent, and
the results were displayed in Figure 8b. It was seen that the
adsorption efficiency of RR 195 was found to be 81% in the
first cycle and the subsequent cycles; the adsorption effi-
ciency reduced slightly and reached 72% in the fifth cycle.
The desorption efficiency of RR 195 can still reach 83% after
the fifth cycle. The gradual reduction in the dye adsorption
efficiency was due to the persistence of engaged adsorption
reactive sites of the DMA-LLP. Based on these results, the
DMA-LLP is an excellent reusable adsorbent, which can be
successfully used to remove RR 195 from practical waste-
water treatment.

Adsorption mechanism

It has been reported that the pH < pHpyc represents the
tendency of the adsorbent surface is positively charged and
can attract anions from the dye solution, whereas
pH >pHpyc facilitates the repulsion (Banerjee and
Chattopadhyaya 2017). In the present study, the selected RR
195 dye molecules are anionic possessing excess negative
charges due to the presence of five sulfonate (-SO;™) groups
and readily dissociates in the aqueous medium. Thus, the
adsorption mechanism is more inclined toward the electro-
static interactions between the positively charged DMA-LLP
(pH < pHpzc) and the negatively charged RR 195. This is
due to the strong adsorption affinity of DMA-LLP toward
the dye is probably due to its small particle size, pore vol-
ume, and surface area coupled with electrostatic interactions
involved, shown in Figure 9. Further, the DMA-LLP adsorp-
tion uptake was considerably higher than its counterparts,
and the details are listed in Table 5.

Conclusions

DMA-LLP has been effectively applied in the present paper
as a biosorbent for the removal of RR 195 from aqueous
media. The effect of solution pH (2.0-12.0), amount of dos-
age (0.03-0.1g/30mL), initial RR 195 concentration
(100-1000 mg/L), temperature (298-328K), contact time
(0-420 min), and also isotherms, kinetics, thermodynamics,
and regeneration studies were performed. FE-SEM, EDX,
FTIR, pHpzc, and BET analysis have characterized the
DMA-LLP. FT-IR and FESEM analysis indicated the pres-
ence of numerous pores and several functional groups on
the surface of the DMA-LLP. Based on BET results, the Sggr
of DMA-LLP is 4.6 m*/g, a Vp of 0.0067 cc/g, and the Dp is
2.145nm. The Vp calculated via BJH theory indicates that
the morphology structure of DMA-LLP was mesoporous.
The g,,.x (maximum monolayer adsorption capacity) of RR
195 was 131.5mg/g at optimum pH 2.0, equilibrium time
150 min, temperature 298K, amount of biosorbent dosage
0.03g, and initial RR 195 concentration 300 mg/L. The
pHpzc of the DMA-LLP was found to be 5.5. Using PFO

and PSO models, kinetic adsorption experiments were exam-
ined. The results revealed that the PSO model in the experi-
mental data was best described. Langmuir and Freundlich
isothermal models analyzed the equilibrium data and were
well-fitted with the Langmuir model. The adsorption effi-
ciency increased (131.5-163.7 mg/g) with rising temperatures
(298-328 K), which indicated that the adsorption of RR 195
onto DMA-LLP was endothermic in nature. The electrostatic
interactions were considered to be the main force contribu-
ting to the RR 195 adsorption of DMA-LLP. The calculated
thermodynamic parameters revealed that the adsorption of
RR 195 onto DMA-LLP was spontaneous and endothermic.
The reusability of DMA-LLP showed that after even five
cycles, the adsorption efficiency was 72%, which indicated
that DMA-LLP is a probable renewable adsorbent. Because
of these results, it can be concluding that the DMA-LLP
could be employed as a cheap, eco-friendly, and efficient
biosorbent for the removal of RR 195 from wastewaters.

Nomenclature

C, equilibrium concentration of RR 195 (mg/L)

C, initial concentration of RR 195 (mg/L)

Cae solid phase concentration at equilibrium (mg/L)

Cal calculated

Exp experimental

k; rate constant of PFO (1/min)

ks, rate constant of PSO (g/mg min)

K. distribution constant

Ky Freundlich constant (mg/g)

K; Langmuir constant (L/mg)

M mass of adsorbent (g)

n number of samples G analysis)

1/n Freundlich constant

qe amount of RR 195 adsorbed measured at equilibrium
(mg/g)

qe theoretical data (;° analysis)

Gem experimental data o7 analysis)

der> 4e2  amount of dye adsorbed at equilibrium (mg/g)

q: amount of dye adsorbed at time t (mg/g)

Qmax maximum amount of RR 195 adsorbed (mg/g)

R universal gas constant (8.314 kJ/mol K)

T temperature (K)

\% liquid phase volume (L)
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