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Abstract Epicarp of Raphia hookerie, a bioresource

material, was modified with urea (UMRH) to adsorb

Rhodamine B (RhB) from aqueous solution. Adsorbent

morphology and surface chemistry were established by

Brunauer–Emmett–Teller (BET) surface area determina-

tion, Fourier transform infrared spectroscopic (FTIR)

analysis, scanning electron microscopy (SEM), as well as

the pH point of zero charge (pHpzc) determination. Pre-

pared material was subsequently utilized for the uptake of

Rhodamine B (RhB). Operational parameters, such as

adsorbent dosage, concentration, time, and temperature,

were investigated. Evidence of effective urea modification

was confirmed by vivid absorption bands at 1670 and

1472 cm-1 corresponding to C=O and C–N stretching

vibrations, respectively. Optimum adsorption was obtained

at pH 3. Freundlich adsorption isotherm best fits the

equilibrium adsorption data, while evidence of adsorbate–

adsorbate interaction was revealed by Temkin isotherm

model. The maximum monolayer adsorption capacity

(qmax) was 434.78 mg/g. Kinetics of the adsorption process

was best described by the pseudo-second-order kinetics

model. Desorption efficiency was less than or equal to

25 % for all the eluents, and it follows the order

HCl[H2O[CH3COOH.

Keywords Raphia hookerie � Biomass � Rhodamine B �
Kinetics

Introduction

Rhodamine B (RhB) is a xanthenes dye characterized by

high solubility in water, easy wet fastness, and fluores-

cence. Its unique characteristics gave it wide application

potentials in dyeing of textile, paper, paint, and leathers,

aside being used as a water tracer and biological stain (Li

et al. 2010; Huang et al. 2016). RhB is a known carcinogen,

and it causes eyes, skin, and respiratory tract irritations

(Bhattacharyya et al. 2014). It increases hypothalamic cell

apoptosis, as well as causes the disruption of hormonal

balance (Sulistina et al. 2014). RhB laden effluents,

therefore, require effective treatment before their final

disposal.

Adsorption of pollutants from wastewater using acti-

vated carbon has been widely accepted due to its simplicity

of operation, and ability to remove very low concentration

of pollutants from wastewater (Khan et al. 2014a; Santos

et al. 2015). Pyrolysis of organic materials, followed by

activation via physical or chemical methods, produces

activated carbon. They are characterized by large surface

areas ranging between 600 and 2000 m2/g, and very porous

structure (DuyguOzsoy and Van Leeuwen 2010; Bhatnagar

and Sillanpaa 2010). While activated carbon remains

attractive due to the various aforementioned advantages,

the economic disadvantage stemming from its raw material

and processing procedure makes environmentalists seek

alternatives.

Naturally occurring materials, in their raw as well as

modified forms, were reported as effective adsorbents in

dye removal (Khan et al. 2013, 2015; Inyinbor et al. 2016).

These materials possessing low inorganic contents, high

carbon contents, as well as various functional groups have

high affinity for pollutants uptakes. For instance, agricul-

tural wastes containing cellulose, hemicellulose, as well as
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lignin have served as excellent materials in the adsorption

of pollutants, such as heavy metals and dyes (Miretzky and

Cirelli 2010). Utilizing agro wastes as low-cost adsorbent

for pollution control presents economic and environmental

protection advantages. Hence, materials that would have

been of no value have found relevant use. While raw

biomass may be utilized for the uptake of various pollu-

tants, its efficiency may be further enhanced via modifi-

cation (Khan et al. 2014b).

Specific functional groups in dye molecules encourage

addition or substitution reactions with the –OH, –SH or –

NH2 groups present in textile fibers (Rego and Ferreira

2001). Functionalization of biomaterials with chemicals

containing amino groups should enhance the adsorption

potential of such biomaterial, as well as present an adsor-

bent with specific function.

Raphia hookerie (RH) belongs to the Palmicea family,

and has great potentials for pollutants uptake. Its neglect,

viz-a-viz environmental remediation, is, therefore, a con-

cern. We previously reported the use of raw Raphia

hookerie (RH) fruit epicarp in the adsorption of RhB

(Inyinbor et al. 2016a). This study, however, aims at

enhancing the adsorption potential of RH by tailoring the

surface of this readily available waste towards a specific

pollutant (Rhodamine B). Currently, the epicarp of Raphia

hookerie has no economical use, and its disposal naturally

constitutes nuisance to the environment. RH was modified

with urea. The approach of this treatment depends on the

possibility of a reaction between the functional group(s) on

RhB and –NH2 (scheme 1). The prepared bioadsorbents

were characterized to understand the porosity, morphology,

and surface chemistry of the adsorbent. The adsorption

potential in the uptake of RhB was investigated, and var-

ious adsorption operational parameters, such as effects of

pH, adsorbent dosage, initial adsorbate concentration/con-

tact time, as well as temperature, were fully reported.

Kinetics, isotherm, and thermodynamics studies were

employed to test the mechanism for RhB adsorption.

Studies were also carried out, and reported on regeneration

of the spent adsorbent.

Materials and methods

Biomass collection and pretreatment

Epicarps of Raphia hookerie were collected from local

farmers in Makogi, Edu Local Government Area of Kwara

State, Nigeria. They were washed, pulverized, and

screened into particles of 150–250 lm. The pulverized RH

was washed, and thereafter, dried over night in an oven

controlled at 353 K.

Preparation of urea modified RH (UMRH)

To achieve urea modification, a mixture of RH and urea in

a ratio of 1:2 by mass was exposed to microwave irradia-

tion (2450 MHz) for a total period of 12 min (Farooq et al.

2010). The jelly like slurry substance obtained was boiled

in water for half an hour, filtered while hot and further

washed with hot water to remove unreacted urea. The

residue was dried in a low-temperature oven and, there-

after, stored in an airtight container.

Adsorbent characterization

A Micrometric Tristar II surface area and porosity ana-

lyzer was employed in the BET surface area and average

pore diameter determination. Samples were degassed

under vacuum at 363 K for 1 h, and the temperature was

further increased to 473 K overnight. Surface morphol-

ogy and elemental composition were determined using a

FEIESEM Quanta 200 for SEM and EDX. Functional

groups were determined with a Bruker Alpha FTIR

spectrometer. The pH point of zero charge (pHpzc) was

done as described in our earlier reported work (Inyinbor

et al. 2015).
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Scheme 1 Proposed reaction between Rhodamine B and UMRH
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Adsorbate preparations

Rhodamine B was supplied by BDH, and its properties are

as listed in Table 1. Stock solution of 1000 mg/L RhB was

prepared, and the resultant working solutions of lower

concentration were prepared by serial dilution of the stock

solution.

Batch adsorption studies

Various adsorption operational parameters may influence

adsorption process. Solution pH describes the Chemistry of

particular specie in solution as well as the charge on the

surface of the adsorbent. Batch adsorption studies with

focus on these adsorption operational parameters, viz.,

initial solution pH, adsorbent dosage, initial RhB concen-

tration, and contact time, as well as temperature on the

removal of RhB, were carried out. Solution pH was varied

between 2 and 10 by adding 0.1 M HCl or 0.1 M NaOH to

obtain each desired pH. Adsorbent dosage was varied

between 1 and 5 g/L. Varying initial RhB concentrations of

50, 100, 200, 300, and 400 mg/L was used for the effects of

adsorbate concentration and contact time study. Tempera-

ture was varied between 303 and 333 K to understand the

effects of temperature on RhB uptake onto UMRH. A 0.1 g

UMRH was added to 100 cm3 RhB solution of a specific

concentration in a 250 cm3 glass conical flask. The flask

was corked and, thereafter, agitated in a temperature con-

trolled water bath shaker, operated at 130 rpm; for a pre-

determined time. Separation of unadsorbed dye and spent

adsorbent was done by centrifugation, while concentration

of unadsorbed dye was determined using a Beckman

Coulter Du 730 UV/Vis spectrophotometer, operated at

554 nm.

Quantity of RhB adsorbed and percentage RhB

removal

Quantity adsorbed at a given time t was calculated using

Eq. 1, and percentage removal was obtained using:

qt ¼
Ci � Ctð Þ � V

M
ð1Þ

%Removal ¼ ðCi � Cf Þ
Ci

� 100; ð2Þ

where Ci, Ct, and Cf are the initial concentration, the

concentration of RhB at time t, and final concentration of

RhB, respectively. V is the volume of RhB solution used

for the adsorption studies in liter, andM is the weight of the

adsorbent in g.

Mathematical modeling

Isothermal studies

Equilibrium adsorption data were analyzed using the Lang-

muir, Freundlich, Temkin, and Dubinin–Radushkevich (D–

R) adsorption isotherm models. The Langmuir isotherm

(Langmuir 1916) assumes a surface with homogeneous

binding sites, while the Freundlich isotherm (Freundlich

1906) describes multilayer adsorption. Temkin isotherm

(Temkin and Pyzhev 1940) assumes linear rather than loga-

rithm decrease in heat of adsorption, while ignoring extre-

mely low and very high concentration. Last, Dubinin

Radushkevich (D–R) model (Dubinin and Radushkevich

1947) gives insight into the biomass porosity, as well as the

adsorption energy. These isotherms are expressed by Eqs. 3–

6, respectively. The dimensionless equilibrium parameters

(RL), which explains the favorability of adsorption, Polanyi

potential (e), and the mean energy of adsorption (E), can be

obtained by Eqs. 3a, 6a, and 6b, respectively:

Ce

qe
¼ Ce

qmax

þ 1

qmaxKL

ð3Þ

RL ¼ 1

ð1þ KLCoÞ
ð3aÞ

log qe ¼
1

n
logCe þ logKf ð4Þ

qe ¼ B lnAþ B lnCe ð5Þ

ln qe ¼ ln qo � be2 ð6Þ

e ¼ RT lnð1þ 1

Ce

Þ ð6aÞ

E ¼
ffiffiffiffiffiffi

1

2b

s

; ð6bÞ

Table 1 Properties of Rhodamine B
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where Ce is the equilibrium concentration of RhB dye (mg/

L), qe is the quantity of RhB dye adsorbed onto the

adsorbent at equilibrium (mg/g), qmax is the maximum

monolayer adsorption capacity of adsorbent (mg/g), and KL

is the Langmuir adsorption constant (L/mg). Kf and n are

Freundlich constants incorporating the factors affecting the

adsorption capacity and adsorption intensity, respectively.

A is the Temkin isotherm constant (L/g), from the value of

Temkin constant B, b (J/mol) which is a constant related to

the heat of absorption can be obtained from the expression

B = RT/b, T is the absolute temperature (K), and R is the

gas constant (8.314 J/mol/K). The value of adsorption

energy (E) obtained from the D–R model further provides

information as to whether adsorption process is physical or

chemical in nature, b which is the activity coefficient helps

in obtaining the mean sorption energy E (kJ/mol).

Kinetics model

The kinetic of the adsorption systems were studied using

the pseudo-first-order, pseudo-second-order, Elovich, and

Avrami kinetics models. The intraparticle diffusion model

was used to investigate the mechanism of adsorption pro-

cess. Equations 7–11 are the linear forms of the pseudo-

first-order kinetic model of Lagergren (Lagergren and

Svenska 1898), pseudo-second-order kinetic model (Ho

and McKay 1999), Elovich (Aharoni and Ungarish 1976),

Avrami (Avrami 1940) and the intraparticle diffusion

model by Weber and Morris (Weber and Morris 1963),

respectively:

ln qe � qtð Þ ¼ ln qe � k1t ð7Þ
t

qt
¼ 1

k2q2e
þ t

qe
ð8Þ

qt ¼
1

b
b ln abð Þ þ 1

b
ln t ð9Þ

ln � ln 1� að Þ½ � ¼ nAVKAV þ nAV ln t ð10Þ

qt ¼ kdiff t
1=2 þ C; ð11Þ

where qe is the quantity adsorbed at equilibrium (mg/g) and

qt is the quantity absorbed at time t (mg/g). a is a constant

related to chemisorption rate and b is a constant which

depicts the extent of surface coverage. KAv is the Avrami

constant and nAv is the Avrami model exponent of time

related to the change in mechanism of adsorption. k1, k2, and

kdiff are the rate constant for the pseudo-first-order sorption

min-1, the rate constant of the pseudo-second-order kinetic

g/mg min-1, and the rate constant for intraparticle diffusion

(mg g-1 min-1/2), respectively. Insight into the thickness

of the boundary layer can be obtained from the value of

C. Large intercept suggests great boundary layer effect.

Validation of adsorption kinetics

Sum square of error (SSE), Chi-square (V2), and the nor-

malized standard deviation (Dqe%), represented by

Eqs. 12–14, were used to validate the kinetics model:

SSE ¼
X

n

i¼1

qcal�qexp
� �2 ð12Þ

X2 ¼
X

n

i¼1

qexp � qcal
� �2

qcal
ð13Þ

Dqe %ð Þ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qexp � qcal
� �

=qexp

N � 1

� �

s

: ð14Þ

Thermodynamic studies

Thermodynamic parameters that explain feasibility, spon-

taneity, and the nature of adsorbate–adsorbent interactions

(DGo, DHo, and DSo) were calculated using the mathe-

matical relations:

lnKo ¼
DS�

R
� DH�

RT
ð15Þ

DGo ¼ �RT lnKo; ð16Þ

where T is the temperature in Kelvin, R is the gas constant,

and Ko can be obtained from qe/Ce. DH
o and DSo can be

obtained from the plot of ln Ko versus 1/T.

Spent adsorbent regeneration studies

To ascertain regeneration and reuse of UMRH, leaching/

desorption of RhB from UMRH surface was investigated

using deionized water, 0.1 M HCl and 0.1 M CH3-

COOH. A 0.1 g of fresh adsorbent was loaded with RhB

by agitating mixture of 0.1 g and 100 cm3 of 100 mg/L

RhB solution at pH 3.0 for 1 h. The RhB-loaded

adsorbent was separated by centrifugation and the

residual RhB concentration determined spectrophoto-

metrically. To remove the unadsorbed dye, the RhB

loaded adsorbent was gently washed with water, and

dried. The desorption process was carried out by mixing

100 cm3 of each desorbing eluent with the dried loaded-

adsorbent and shaken for a predetermined time, and the

desorbed RhB was determined spectrophotometrically.

Desorption efficiency was calculated using the mathe-

matical relation:

Desorption efficiency ð%Þ ¼ qde

qad
� 100; ð17Þ

where qde is the quantity desorbed by each of the eluent,

and qad is the adsorbed quantity during loading.
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Results and discussion

Characterization of UMRH

The BET surface area of UMRH was very low. This is a

characteristic of lignocellulosic materials (Omorogie et al.

2012; Zhang et al. 2013; Inyinbor et al. 2015a). BET sur-

face area determination of agro waste is usually difficult as

the lignocellulosic materials are burnt before degassing

temperature is attained. Reducing the degassing tempera-

ture subsequently results into the presence of moisture, thus

low surface area of the material. The carbon content of

UMRH was found to be high (Table 2), thereby making it a

suitable material for the uptake of organic pollutants

(Wang et al. 2011).

FTIR spectral of RH and UMRH is shown in Fig. 1.

For RH, absorption bands were observed at 1029, 1424,

and 3297 cm-1 corresponding to C–OH stretching vibra-

tions, CH3 bending vibrations, and O–H of alcohol,

respectively. The absorption band for methylene vibra-

tions occurred at 2934 cm-1 in RH. However, great

reduction in the intensities of methylene, C–OH, and O–H

vibrations was observed in FTIR spectrum of UMRH.

Removal of adventitious water, elimination of volatile

compounds, as well as breakdown of hemicellulose may

account for such reduction in intensity. New peaks were

observed at 1670 and 1472 cm-1. These peaks correspond

with C=O and C–N stretching vibrations, respectively.

The two functional groups present in urea are the car-

bonyl and the amino groups. Vivid appearance of these

functional groups in UMRH shows that RH was suc-

cessfully modified with urea. The new peak at 1472 cm-1

may also indicate that the peak at 3355 cm-1 is a char-

acteristic of absorption band of N–H stretching vibrations

(Stuart 2004).

Figure 2a and b shows the SEM micrograph of RH and

UMRH. Numerous cavities exist on the surface of RH.

Microwave irradiation and urea treatment effect, however,

left numerous pores on the walls of the cavities. A deep

mesopore was also created in the middle of UMRH. Tex-

ture of the adsorbent may have been altered by microwave

irradiation (Foo and Hameed 2009). Hollows, pores, and

cavities are important in solid–liquid adsorption, serving as

transport paths for adsorbate movement (Wang et al. 2015).

However, after RhB uptake, the smooth surfaces of the

adsorbents were observed to be rough, and the visible

openings scarcely exist (Fig. 2c).

Adsorption of rhodamine B (RhB) onto UMRH

Effects of initial adsorbate pH

The pH effect is highly important in adsorption studies.

The existence of adsorbate in solution, as well as the

charge on the adsorbent surface, greatly depends on

solution pH. Percentage adsorption increased drastically,

as adsorbate solution pH increased from 2 to 3. The

pHpzc of the adsorbent was in the neutral media with

value 7.60. At low pH, adsorbent surface is positively

charged, and thus, repulsion between the positive adsor-

bent surface and cationic form of RhB may result in low

adsorption. However, as the pH increased, the number of

positive charge on the adsorbent reduces; hence, per-

centage adsorption also increases. This phenomenon was

obeyed between pH of 2 and 3. Maximum adsorption of

86.79 % was obtained at pH 3 (Fig. 3). Highest adsorp-

tion of RhB onto the adsorbents at pH 3 may be as a

result of diverse existence of RhB in different solution

media. RhB exists as cationic (RhB?) at pH between 1

and 3, lactonic (RhBH2?) at pH of less than 1.0, and

zwitterionic (RhB±) at pH greater than 3.7. The zwitte-

rionic form of RhB which occurs at pH[ 3.7 has the

tendency of dimerization, due to attractions between the

carboxyl and xanthenes groups of RhB monomers. Hence,

Table 2 Characteristics of UMRH

Parameters Values

UMRH

pH 6.18

pHpzc 7.60

Bulk density 0.28

Moisture content (%) 8.13

Ash content (%) 3.53

BET surface area (m2/g) \0.001

Elemental composition (%)

Carbon 70.88

Oxygen 28.68

Potassium 0.31
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Fig. 1 FTIR spectral of RH and UMRH
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absorption of RhB becomes difficult, resulting into

decrease in adsorbent adsorption capacity. Maximum

adsorption of RhB at pH 3 has been previously reported

by researchers (Inyinbor et al. 2014; Ma et al. 2016;

Huang et al. 2016). Subsequent adsorption studies were

carried out at optimum pH (pH of 3).

Effects of adsorbent dosage

The effect of adsorbent dosage was carried at a fixed

concentration of 100 mg/L and temperature of 299 K

while varying the adsorbent dosage between 1 and 5 g/L.

There was a rapid increase in percentage RhB removal

from 84.96 to 92.48 %, as the adsorbent dosage

increased from 1 to 2 g/L (Fig. 4). However, no further

increase in percentage adsorption was observed after 2 g/

L dosage, thereby leading to the attainment of equilib-

rium (Fig. 4). Increase in available adsorption sites as

adsorbent dosage increased may have led to increase in

percentage RhB removal (Angin 2014). However,

saturation of adsorption site and agglomeration resulted

into no further adsorption at higher adsorbent dosage

(Pirbazari et al. 2014).

Fig. 2 SEM micrograph of RH (a) UMRH before RhB uptake and (b) after RhB uptake (c)
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Fig. 3 Effects of pH on RhB adsorption onto UMRH. [dosage (1 g/

L), agitation speed (130 rpm), agitation time (60 min), temperature

(26 �C), initial adsorbate concentration (100 mg/L)]
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Effects of contact time and adsorption kinetics

Quantity of RhB adsorbed increased with time and con-

centration. Increase in concentration is known to provide

an increase in driving force to overcome mass transfer

resistance of RhB between the aqueous and solid phases.

Adsorption kinetics were fast, and equilibrium was attained

after 40 min (Fig. 5). Quantities adsorbed at equilibrium

for various concentrations considered, are listed on

Table 3.

For the pseudo-second-order kinetic, there was close

agreement between the calculated quantity adsorbed at

equilibrium (qcal), and experimentally determined quantity

adsorbed at equilibrium (qexp), across the initial RhB

concentrations considered (Table 3). High correlation

coefficient (R2[ 0.99) recorded for the pseudo-second-

order kinetics viz-a-viz low values of X2, SSE and Dq(%)

suggests a good fitting of adsorption data into this kinetic

model. Adsorption data also fitted well into Elovich kinetic

models, as X2, SSE and Dq(%) were also found to be

generally low. Kinetic data fits into the kinetics models in

this order: Pseudo-second order[Elovich[ Pseudo-first

order[Avrami models. A single linear profile was

obtained for the intraparticle diffusion plot of UMRH-RhB

Table 3 List of parameters obtained from the pseudo-first-order, pseudo-second-order, Elovich, Avrami, and intraparticle diffusion kinetic

model parameters for the adsorption of RhB onto UMRH

Constants UMRH

50 100 200 300 400

qe experimental (mg/g) 45.56 88.9 170.37 235.14 312.11

Pseudo-first order

qe calculated (mg/g) 15.62 47.39 77.69 130.63 142.71

K1 9 10-2 (min-1) 7.82 8.57 3.96 8.83 6.85

R2 0.9501 0.9476 0.9673 0.9354 0.9637

SSE 896.40 1723.08 8589.58 10922.34 28696.36

X2 57.389 36.36 110.56 83.61 201.08

Dqe (%) 30.64 25.83 27.88 25.19 27.85

Pseudo-second order

qe calculated (mg/g) 46.95 92.59 175.44 243.9 322.58

K2 9 10-3 (g mg-1min-1) 14.40 4.26 1.49 1.50 1.22

R2 0.9993 0.9979 0.9908 0.9973 0.9979

SSE 1.93 13.62 25.71 76.74 109.62

X2 0.04 0.15 0.15 0.32 0.34

Dqe (%) 6.60 7.70 6.52 7.29 6.92

Elovich

aEl (mg/g.min) 2713.05 1159.89 843.77 2913.76 3008.97

bEl(g/mg) 0.22 0.09 0.05 0.04 0.03

R2 0.9550 0.9631 0.9622 0.9288 0.9874

SSE 1.61 0.77 25.40 1.21 8.70

X2 0.03 0.01 0.15 0.01 0.03

Dqe (%) 6.31 3.76 6.50 2.59 3.68

Avrami

nAv 0.32 0.33 0.33 0.41 0.40

Kav (min-1) 0.84 0.46 0.26 0.41 0.39

R2 0.8947 0.9172 0.9741 0.8201 0.9345

SSE 1963.38 7707.08 28723.47 54667.12 96621.51

X2 1570.70 6943.32 32273.56 41103.09 76079.93

Dqe (%) 37.27 37.56 37.69 37.68 37.72

Intraparticle diffusion

C 9 102(mg g-1) 0.13 0.26 0.52 0.99 1.33

Kdiff (mg g-1min-1/2) 2.27 5.86 11.41 15.11 21.43

R2 0.8509 0.9488 0.9590 0.9412 0.9455
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system and R2 value ranged between 0.8509 and 0.9590.

bEl which describe the extent of surface coverage was

found to decrease with increase in concentration. This

further indicates that adsorption process may be described

by Elovich model. While boundary layer thickness

increased with increase in initial RhB concentration,

intraparticle diffusion rate also behaved in a similar man-

ner. High concentration gradient is generated via increase

in initial concentration, thus faster diffusion and quick

uptake of adsorbate. The plot of qt versus t
1/2, however, did

not pass through the origin, and thus, intraparticle diffusion

is not the rate limiting step.

Equilibrium data and isothermal studies

The values of RL and n were found to be less than 1 and

greater than 1, respectively, for the adsorption system. This

suggests favorable adsorption process. Freundlich adsorp-

tion isotherm best describes the uptake of RhB onto UMRH,

suggesting that adsorption of RhB was not onto a uniform

site. A very good correlation coefficient was recorded for

the Langmuir, Freundlich, and Temkin adsorption iso-

therms. The rapid initial adsorption that characterized the

RhB uptake may have followed the Langmuir adsorption

type in which RhB removal was based on its interactions

with the surface functional groups. Pore penetration, and

adsorbate–adsorbate interaction must have resulted to the

later gradual RhB uptake before equilibrium was finally

attained. Adsorbate was held to non-uniform sites, and thus,

Freundlich isotherm was followed. Temkin isotherm

(R2 = 0.9500) further validates the occurrence of adsor-

bate–adsorbate interactions (Bhattacharyya et al. 2014).

Judging from the R2 values, equilibrium adsorption data fit

into isothermal models in this order: Freundlich[Lang-

muir[Temkin[Dubinin–Radushkevich. The maximum

monolayer adsorption capacity obtained are reported in

Table 4, and compared with other previously reported lit-

eratures (Table 5). Energy of adsorption as obtained from

the D–R model suggests that chemisorption dominates the

uptake of RhB onto UMRH.

Effects of temperature and thermodynamics studies

Increase in temperature results into activation of more

adsorption sites in UMRH, thus resulting into increase in

adsorption efficiency of the adsorbents at high temperature.

Positive enthalpy (DHo) recorded for UMRH-RhB systems

suggests that the adsorption process was endothermic in

nature (Table 6). DSo value for UMRH-RhB systems was

positive, thereby suggesting that there was increase in the

randomness at the solid–liquid interface during the

adsorption of RhB onto UMRH. The randomness at the

solid–liquid interface could result from the higher

translational entropy acquired by the displaced water

molecules, as compared to that lost as a result of dye

uptake (Mittal and Mishra 2014). DGo values obtained

were negative (Table 6), suggesting spontaneity of

adsorption process. Higher negative values at higher tem-

perature suggest that adsorption process at higher temper-

ature was more spontaneous.

Desorption studies

Several contacts points between dye molecules and

adsorbents usually results into large net adsorption energy,

and subsequently low desorption (Fernandez and G.V.,

Nunell, P.R. Bonelli, and A.L. Cukierman, 2010). In this

study, desorption efficiencies of the three eluents were low

Table 4 Isotherm constants for the adsorption of RhB onto UMRH

Isotherms Constants UMRH

Langmuir qmax (mg/g) 434.78

KL (L mg-1) 0.023

RL 0.0972

R2 0.9540

Freundlich KF 18.94

n 1.60

R2 0.9923

Temkin B 84.72

A (L/g) 0.31

b (J/mol) 29.44

R2 0.9500

D–R qo (mg/g) 204.04

b (mol2 kJ-2) 0.0063

E (kJ mol-1) 8.91

R2 0.7800

Table 5 Comparison of the maximum monolayer adsorption capac-

ity (qmax) of RhB onto UMRH with others reported in the literature

Adsorbent qmax

(mg/g)

References

Activated pyrolytic tire char 307.20 Li et al. 2010

Modified ternary waste 213.00 Anandkumar and

Mandal 2011

Kaolinite 46.08 Khan et al. 2012

Fe- supported bentonite 227.25 Gao et al. 2015

Modified dika nut 526.32 Inyinbor et al. 2015a

Carbon residue activated carbon 189.83 Maneerung et al. 2016

Fe-montmorillonite 258.76 Ma et al. 2016

Lythrum sahcaria activated

carbon (LSAC)

370.37 Huang et al. 2016

Modified LSAC 384.62 Huang et al. 2016

Urea modified Raphia hookerie 434.78 This study
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(generally less than 40 %). This suggests that RhB was

held fast on the surface of the adsorbent. Desorption effi-

ciency follows the order HCl[H2O[CH3COOH, and it

was obtained to be 25, 12.50, and 10.42 % for HCl, H2O,

and CH3COOH, respectively.

Conclusion

Prepared adsorbent was found to be effective in the uptake

of RhB. Optimum adsorption was obtained at pH 3, RhB

percentage removal rose up 92.48 % for adsorbent dosage

of 2 g/L. Multilayer adsorption was vivid for all the

adsorption systems, and thus, Freundlich isotherm best

describes the adsorption of RhB onto the adsorbent.

However, surface coverage as well as adsorbate–adsorbate

interactions also played a predominant role in RhB uptake

onto UMRH. Maximum monolayer adsorption capacity

was 434.78 mg/g. Pseudo-second-order kinetics and Elo-

vich model best described the adsorption process, and the

adsorption process was spontaneous, feasible, and

endothermic.
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