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Vitis vinifera leaf litter for biosorptive removal of nitrophenols
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Abstract Vitis vinifera (grape) leaf litter, an abundant

agricultural waste in South Africa was chemically modified

with H3PO4 and carbonized for use as biosorbent. Char-

acterization and the potential application of the adsorbent

in simultaneous removal of 4-nitrophenol and 2-nitrophe-

nol from aqueous solutions were investigated. The adsor-

bent was characterized using FTIR, SEM and EDX

elemental microanalysis. The EDX and FTIR analysis

revealed the presence of surface oxygen moieties capable

of binding to adsorbate molecules while the SEM micro-

graphs showed the development of pores and cavities in the

adsorbent. Batch adsorption experiments were conducted at

a varying contact time, adsorbent dosage, pH and initial

adsorbate concentration to investigate optimal conditions.

The maximum adsorption capacity of the adsorbent was

103.09 and 103.10 mg/g for 4-nitrophenol and 2-nitro-

phenol, respectively. The adsorption process was best fitted

into Freundlich isotherm while the adsorption kinetics

followed a pseudo-second-order model. Liquid film and

intra-particle diffusion contributed to the adsorption pro-

cess. Thermodynamic parameters of DG�, DH� and DS�
were evaluated. The adsorption was exothermic, feasible

and spontaneous. The results suggest a possible application

of grape leaf litter as a precursor for activated carbon and

for cheaper wastewater treatment technologies.
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Introduction

Rapid industrialization, geometric population growth and

increased agricultural mechanization have resulted in a huge

increase in fresh water demand and usage (Smith et al. 2015).

Unfortunately, available water resource has been put under

threat by the alarming rate of fresh water pollution. Untreated

wastewater discharges, especially those emerging from

industries are a major environmental problem because of the

capacity to damage the quality of available fresh water and

perturb the composition of the aquatic environment and the

ecosystem. This is because of the ineffective and costly

industrial and municipal wastewater treatments, which is a

limiting factor for the recycle and reuse of wastewaters. This

has also led to the frequent release of increased volumes of

contaminated effluents into the environment.

Among several contaminants, phenols have been identified

because of their endocrine disrupting potential (US EPA

1987). In wastewaters, phenols can be found along with other

contaminants of different arrays in effluents from various

sources including pharmaceuticals, phenol manufacturing,

coal refineries and petrochemical industries. Phenolic com-

pounds are found in several matrices due to their large scale

utilization in the production of plastics, herbicides and bio-

cides, pharmaceuticals, and phenolic resins used in construc-

tion, electroplating and automotive industries (Michalowicz

and Duda 2007). The degradation of these products creates a

pathway to the release of phenol and its derivatives back into

the environment (Michalowicz and Duda 2007).

Phenols are, however, persistent and have bio-accumu-

lative potential; their rate of degradation is slow, especially
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under surface waters where there is the absence of elimi-

nation pathways and the lesser tendency for photochemical

degradation (Cost et al. 1993).

Phenols are noxious, toxic, potentially carcinogenic,

androgenic and mutagenic compounds. Studies have shown

that phenols have lethal effects on aquatic organisms

(Paisio et al. 2009). Thus, it is essential to remove these

nitrophenols from wastewaters due to the deleterious health

effects on humans.

Several methods for removal of phenolic pollutants from

wastewaters have been reported including ozone treatment,

reverse osmosis, electrochemical coagulation, photocat-

alytic removal, biological degradation treatments etc.

However, adsorption has been shown to be a more efficient

and currently commonly used technique because the tech-

nology provides alternatively cheaper, cleaner and more

effective solutions for removal of contaminants (Dab-

rowski et al. 2005; Ali et al. 2012). The method of sorption

of pollutants from aqueous matrices is very important in

the treatment of wastewater because it eliminates the dif-

ficult sludge-handling procedures encountered in several

other treatment methods.

Agricultural waste materials are abundant and are often

preferably used as adsorbents in adsorption relative to other

general adsorbents. Raw materials such as neem leaf, corn

hub, rice husk, saw dust and chitosan had been used in

adsorption of phenol. Vitis vinifera (grape) is highly culti-

vated in South Africa. The approximate land usage for

purposes of grape cultivation globally is about 7.6 million

hectares. South Africa is among the top five producers of

grapes in the world with vineyards covering a land area of

about 131,000 hectares (Shifugu and Terry 2011). Grape

cultivation generates a huge amount of leaf litter. The wastes

of grape fruit and the seeds obtainable after wine production

have been reportedly exploited as adsorbents in the removal

of contaminants. Parajuli and co-workers (Parajuli et al.

2008) studied treatment of Au(III) contaminated water using

grape waste materials. Chand et al. (2009) used grape waste,

which originates after wine production for adsorption of Cr,

Cd, Zn, Fe and Pb. To the best of our knowledge, there is yet

to be any application of grape leaf litter for usage in

adsorption or any other economical purposes.

In this study, V. vinifera (grape) leaf litter was used for

the removal of 4-nitrophenol and 2-nitrophenol from

aqueous matrices and the optimal conditions for efficient

adsorption was investigated.

Materials and methods

2-nitrophenol and 4-nitrophenol were purchased from

Sigma Aldrich (USA). HPLC grade acetonitrile and

methanol, and other reagents including phosphoric acid,

sodium hydroxide, potassium bromide and hydrochloric

acid were also purchased from Sigma Aldrich (USA).

Milli-Q water (Synergy Ultrapure Water System, Millipore

and France) was used for all solution preparations.

Adsorbent preparation

Vitis vinifera (grape) leaf litters were collected from wine

farms in Paarl, Cape Town, South Africa. The leaves were

washed several times with distilled water to remove soil

debris and other unwanted adhering particles. The leaf litters

were then dried in hot air oven (Scientific series 9000, Lasec

South Africa) at 105 �C until constant weight and subse-

quently pulverized (\250 lm). The dried leaves were

chemically modified according to the method discussed by

Benadjemia et al. (2011) with slight modification. Briefly,

approximately 20 g of the pulverized V. vinifera leaf litter

was impregnated with 50 mL of 85 wt.% concentrated

phosphoric acid using a ratio of 2:1 (weight of H3PO4 to

weight of raw materials to be activated) to form a slurry

mixture. The resulting slurry was thoroughly mixed, and

oven dried at 105 �C for 4 h. This was followed by thermal

treatment in a muffle furnace at a temperature of 450 �C for

90 min. After activation, the activated carbon was placed in

a desiccator and allowed to cool to room temperature.

Excess phosphoric acid was removed from the prepared

activated carbon by washing several times with hot distilled

water until pH of the washed-off water was neutral. The

activated carbon was thereafter oven dried at 110 �C over-

night. The adsorbent (designated GLA) was placed in air-

tight vials and stored in desiccator till further use.

Characterization of activated carbon of V. vinifera

leaf litter

The surface morphology of the activated carbons was

characterized using Zeiss EVO� MA15 scanning electron

microscope (SEM). For the elemental composition of GLA,

identification of samples was done with a secondary elec-

tron (SE), and compositions were quantified by Energy-

Dispersive X-ray Spectroscopy (EDS) using an Oxford

Instruments� X-Max 20 mm2 detector.

The adsorbent surface functionalities were qualitatively

investigated with Fourier Transform Infrared (FTIR)

spectroscopy using a Perkin-Elmer Spectrum One FTIR

Spectrometer.

The FTIR analysis was conducted by adopting the KBr

technique described by Prahas et al. (2008) and spectra

scan was recorded in the absorption range of

4000–400 cm-1. For ash content determination, approxi-

mately 0.1 g of the activated carbons was subjected to heat

in a Carbolite Sheffield muffle furnace at 600 �C for 4 h.

The resultant ash was allowed to cool to room temperature
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in a desiccator. The percentage ash content was calculated

by difference based on results of triplicate experiments.

The pH at zero surface charge (pHPZC) of activated carbon

was determined using the pH drift method (Prahas et al.

2008). In this procedure, 0.01 N NaCl was prepared, and

50 mL volumes of the solution were added into different

Erlenmeyer flasks. The role of NaCl as a background

electrolyte is to maintain a constant ionic strength. Using a

pH metre, initial pH was adjusted from 2 to 12 using

0.01 N HCl and 0.01 N NaOH. After initial pH adjustment,

0.15 g of prepared activated carbon was added into each

flask. The solutions were shaken for 48 h. Upon comple-

tion, the final pH was recorded. The pHPZC of the prepared

activated carbon was taken as the region where initial pH

equals final pH.

Adsorption studies

Standard solutions of 4-nitrophenol and 2-nitrophenol were

prepared from stock (1000 mg/L) solutions. In order to

investigate the effect of adsorbent dose, known weights of

GLA in the range 0.05–0.7 g were added into 100 mL capped

Erlenmeyer flasks containing 25 mL of 4-nitrophenol and

2-nitrophenol and were agitated on a mechanical shaker at

180 rpm and at 298 K for 4 h. The influence of pH on the

adsorption capacity of GLA was assessed by dispersing 0.3 g

of GLA into different flasks containing 25 mL solutions of

100 mg/L of both 4-nitrophenol and 2-nitrophenol, and the

initial pH was varied from pH 4 to 9 with 0.1 M HCl or

0.1 M NaOH. For adsorption kinetics, adsorption was carried

out at varying time intervals between 15 and 240 min with

known weight of GLA and 25 mL solutions (100 mg/L)

containing both nitrophenols were equilibrated. An initial

adsorbate concentration of 10–500 mg/L was adsorbed onto

0.3 g of GLA at room temperature in adsorption isotherm

studies. The effect of temperature on the adsorption of 4-ni-

trophenol and 2-nitrophenol onto GLA was investigated at

different temperatures between 303 and 343 K.

Equilibrated mixtures were filtered, through Whatman

(45 lm) membrane filter and residual concentrations of

4-nitrophenol and 2-nitrophenol were determined by dif-

ference after analysis with HPLC. Adsorption was done at

natural solution pH in all cases, except for studies on the

effect of pH where solution pH was varied between pH 4

and 9.

All experiments were performed in replicates. The

amount of nitrophenols adsorbed at equilibrium, and

adsorption efficiency was calculated using the equation:

qe ¼ ðCo � CeÞV
m

ð1Þ

Persent adsorption ðA %Þ ¼ Co � C

Co

� 100 ð2Þ

where qe (mg/g) is the amount of nitrophenols adsorbed per

unit mass of adsorbent at equilibrium, Co and Ce (mg/L) are

the initial and equilibrium concentrations of the nitrophe-

nol solutions, respectively, C (mg/L) is the concentration of

the nitrophenols after any adsorption, V (L) is the volume

of solution used in adsorption, and m (g) is the weight of

adsorbent used.

Chromatographic analysis

The residual concentrations of 4-nitrophenol and 2-ni-

trophenol solutions were quantitatively determined with

Agilent 1200 series (Agilent Technologies, USA) con-

trolled by a ChemSolution software. The Liquid Chro-

matograph (G1316A) is equipped with an online

degasser (G1322A), quaternary pump (G1311A), auto-

sampler (G1329A), diode array detector (G1315D) and

thermostatic column compartment. Separation of 4-ni-

trophenol and 2-nitrophenol was achieved with a C18

column of dimensions 150 mm 9 4.6 mm i.d., 5 lm
particle size (YMC Co., South Africa). Prior to sample

quantitation, identification of each peak was done by

injecting 10 lL pure individual standards of the nitro-

phenols. Samples obtained after adsorption (10 lL) were
analysed by HPLC using an isocratic mobile phase

composition containing acetonitrile/acidified water

(0.1% acetic acid) mix ratio of 35/65 v/v and a flow rate

of 0.9 mL/min. Run-time was 15 min and the column

temperature was maintained at 23 �C. Detection with

photo diode array detector (PDA) was at a maximum

wavelength of 320 and 275 nm for 4-nitrophenol and

2-nitrophenol, respectively. Blank samples were anal-

ysed to ensure consistency and accuracy of the analysis.

The limit of detection and limit of quantification were

based on the signal to noise ratio of 3:1 and 10:1,

respectively. The precision of analysis was assessed by

analysing all samples in triplicate. Quantitation was done

by an external calibration method.

Results and discussion

Characterization of adsorbent

The activated carbons (GLA) had particle sizes ranged

from 200 to 500 lm. The adsorbent material has an

apparent bulk density of 0.2479 g/cm3. The prepared

adsorption material (GLA) also has a low ash composition

of approximately 3.36% and a moisture content of about

11%. The low ash content of the biomass indicates their

potential application as a precursor for making activated

carbons. Adsorbent moisture content reaching about 11%
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could limit the adsorption capacity, hence the adsorbent

material (GLA) was oven dried to constant weight prior to

adsorption experiments.

The solution pH (3.14) was found to be slightly higher

than pH at the point of zero charge (pHPZC, 2.04).

Chemical activation with phosphoric acid resulted in

acidic surface nature of GLA, and this is reflected by the

low pHPZC value in the acidic region. The formation of

acid related functional groups such as acidic phosphate

esters (P?–O–O-) on the adsorbent may be partly

attributed to the chemical activation, which was carried

out using phosphoric acid as activating agent (Puziy et al.

2002). Although the phosphorus-containing compounds

such as polyphosphates formed during carbonization

process may be linked to the acidity of GLA, this only

partly account for the observed acidic nature of the

adsorbent surfaces. Since activated carbons can be easily

oxidized on exposure to air after heat treatment (Strelko

et al. 2002), the potential of C–O groups and other oxy-

genated species on GLA, which accounts for acidic

properties cannot be ruled out.

Scanning electron microscopy

The SEM micrographs of the adsorbent prior to chemical

modification, after chemical activation and after adsorption

of nitrophenols are shown in Fig. 1.

The surface morphology of the inactivated grape leaf

litter (Fig. 1a) showed rough surfaces devoid of pores, with

some particles adhered on the adsorbents surfaces.

According to Dural et al. 2011, the unwanted materials

may have been due to adhering debris, and this formed the

basis why it is essential to wash the leaf litter thoroughly

prior to activation.

The monograph image (Fig. 1b) obtained after chemical

activation revealed the development of surfaces with cav-

ities and pores. These tracheid cell-shaped cavities with

oval-shaped pores are probably disposed for the removal of

large contaminants in aqueous solutions (Sych et al. 2012).

The monograph obtained after GLA was used for optimum

adsorption of nitrophenols showed the absence of pores and

crevices (Fig. 1c).

Fourier transform infrared analysis

The Fourier Transform InfraRed (FTIR) absorption spectra

scans of GLA adsorbents before and after application, for

the adsorption of the nitrophenols are presented (Fig. 2a,

b).

The adsorption band at 3383 cm-1 is due to O–H

stretching vibrations of the moisture contained in the GLA

(Fig. 2a). The strong band at 1582 cm-1 is assigned to

C=C aromatic stretching vibrations.

The FTIR spectrum of GLA is shown in Fig. 2b. The

peak at 1585 cm-1 is evident of skeletal C=C vibrations of

aromatic rings. The peak in this range of absorption was

assigned to C–O single bonds in acids, alcohols, phenols,

ethers and esters or phosphocarbonaceous compounds such

as phosphoric acid esters. Irrespective of the functional

group responsible for absorption in this region, the spec-

trum of GLA after adsorption showed that there was a

decrease from 1219 to 1210 cm-1. The shift may be sug-

gestive of a bond interaction between reactive functional-

ities on adsorbate and surfaces of GLA. In a similar study,

the absorption band at 1200 cm-1 was ascribed to hydro-

gen bonded P=O groups of phospates or aromatic P–O–C

bonds (Puziy et al. 2002). The peak observed at 749 cm-1

is characteristic of aromatic C–H groups probably from the

aromatic ring of the nitrophenols that was bonded onto

GLA after adsorption.

Energy-dispersive X-ray spectroscopy (EDS)

microanalysis

The measurement of the energy of microbeams from

Energy-Dispersive X-ray Spectroscopy (EDS) permits the

analysis of the elemental composition of GLA. The results

are presented in Fig. 3. It was observed that the adsorbent

prepared in this study contain surface oxygen moieties,

which is essential in adsorption process to enable chemical

Fig. 1 SEM of biomass: a untreated grape leaf litter b GLA c GLA after adsorption of nitrophenols
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interactions between adsorbent and adsorbate species. The

elemental composition of GLA (Fig. 3) shows that the

activated carbon material is carbonaceous (67.98% carbon)

and contains oxygen (28.34%), as well as significant

amount of phosphorous (2.04%) that resulted from acti-

vation with phosphoric acid. The amount of fixed oxygen

on the adsorbent is suggestive that oxygen from phosphoric

acid was introduced into active sites on the adsorbent

during activation, and the oxygen fixation can also result

during the cooling process after carbonization of impreg-

nated biomass (Puziy et al. 2002).

Effect of pH on adsorption

The functional groups charge clusters of the adsorbent is

strongly influenced by the pH of the solution. It affects the

rate of adsorption by altering the extent to which the spe-

cies are ionized. The effect of pH on adsorption of phenolic

compounds appears to be related to the degree of ioniza-

tion. At pH\ pKa, these organic substances exist in non-

ionized forms, and their adsorption does not necessarily

depend on the surface charge of adsorbent. When the

pH[ pKa in aqueous systems, phenolic compounds dis-

sociates and the adsorption of the ionic form of phenolic

compounds may depend on the surface charge of the

adsorbents.

Results showed that the adsorption of 4-nitrophenol and

2-nitrophenol onto GLA increases as the pH of the solution

increases. A remarkable decrease in the adsorption of the

2- and 4-nitrophenols was, however, observed at higher pH

(basic) (Fig. 4). The low phenols adsorption at low pH may

be attributed to H? adsorption onto GLA, and this sup-

presses adsorption of 4-nitrophenol and 2-nitrophenol. The

decrease in phenol adsorption at higher pH (i.e. when

pH[ pKa) may be due to the solubility of nitrophenols at

higher pH (pKa = 7.23 and 7.15 for 2-nitrophenol and

4-nitrophenol, respectively), and the increased repulsion

between the ionized form of the nitrophenols and the sur-

faces of GLA.

The occurrence of –OH ions in solution at high pH

partly contributes to the observed decreased adsorption as a

result of the competition for active adsorption sites

between the hydroxyl ions and the phenolic compounds.

This is consistent with the findings of Liu and Pinto (1997)

who reported a decrease in adsorption of phenol between

pH 6.3 and 3.07 (more acidic) and from 6.3 to 11.35 (more

basic).

There was a slight difference between the amount of

2-nitrophenol and 4-nitrophenol adsorbed on GLA. This

depends on several factors such as solubility, polarity,

substituent position on aromatic ring, ease of ionization of

the nitrophenols and the interactions between the adsorbate

and adsorbent in solution. A change in electron density

may occur through the chemical interaction of aromatic

adsorbates and the adsorbents, thus affecting adsorbent

adsorption capacity (Müller et al. 1985). The position of

substituents on aromatic rings induces surface activity on

Fig. 2 FTIR spectra of GLA a before and b after adsorption of

nitrophenols
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them, with ortho-substituted compounds being more reac-

tive than the meta- and para-substituted ones.

Blanco-Martinez et al. (2009) noted that the effect of

solubility on adsorption in their studies. It was reported that

catechol with a lower solubility relative to resorcinol was

adsorbed much more onto activated carbon. Altaher and

Dietrich (2014) also found out that amount of 2-nitrophe-

nol adsorbed on activated carbon from date pits was higher

than 4-nitrophenol.

Effect of biosorbent dose

The adsorption of 2-nitrophenol and 4-nitrophenol was

found to vary with sorbent dosage weights of GLA, as

shown in Fig. 5. The sorption trend of the nitrophenols on

GLA followed the same pattern, although 4-nitrophenol

was slightly less adsorbed than 2-nitrophenol.

The percentage removal of the nitrophenols increased with

increase in adsorbentmasses. For instance,whenGLAsorbent

dose was increased, 2–4 g/L, the percentage removal of

2-nitrophenol increased from 86 to 97% while percentage

removal of 4-nitrophenol increased from 87 to 99%. The

increase in the percentage of nitrophenol removal could be

attributed to increases in GLA surface areas augmenting the

number of adsorption sites available for adsorption.

However, the adsorption capacity was inversely propor-

tional to GLA dosage. An increase in GLA mass resulted in

a remarkable decrease in adsorption capacity, qe (Fig. 5).

The observed trend is due to the fact that amount adsorbed

(qe) has an inverse proportionality function to the weight of

adsorbent, but a direct proportionality function to percentage

adsorbed. This effect can be represented mathematically by

a combination of Eq. (1) and Eq. (2) as follows:

q ¼ %Removal � Co � V
100 � m ð3Þ

From Eq. 3, at a fixed percentage nitrophenol removal,

an increase in GLA mass will result in a decrease in ‘q’

values since initial concentration of nitrophenols (Co) and

volume (V) are constant in the adsorption onto GLA.

Calvete et al. (2010) applied this mathematical concept to

elucidate decrease in qe with an increase adsorbent dose. A

similar phenomenon of adsorption was reported by Babu

and Gupta (2008).

Adsorption kinetics

The kinetics of adsorption was studied for its possible

application in biosorptive removal of nitrophenols from

wastewaters. The effect of contact time on adsorption of

4-nitrophenol and 2-nitrophenol is shown in Fig. 6.

There was the rapid attainment of equilibrium. Approx-

imately 96% of 4-nitrophenol and[97% of 2-nitrophenol

was sorbed by GLA within a contact time of 15 min, with an

attainment of equilibrium in about 30 min. The steep initial

rise in adsorption on GLA may be due to the ease with

which the adsorbates overcome the boundary layer effect in

passing from aqueous phase onto the surfaces of the

adsorbents. A bulk diffusion from boundary layer into the

pores of the adsorbent requires time to attain equilibrium.

Adsorption kinetics is important in the modelling of the

adsorption process. Three kinetic models, pseudo-first

order, pseudo-second order, and intra-particle diffusion,

were employed for evaluation of adsorption kinetics. The

linearized form of pseudo-first-order model as follows:

logðqe � qtÞ ¼ log qe �
k1

2:303
t ð4Þ

where qe and qt refer to the quantity adsorbed at equilib-

rium and at any time t, respectively. k1 is the Lagergren

rate constant of adsorption (min-1).

Kinetic parameters for adsorption of both nitrophenols by

GLA adsorbent were calculated and presented in Table 1.

The results showed that the adsorption of 4-nitrophenol

and 2-nitrophenol onto GLA cannot be described using

pseudo-first-order model due to poor correlation coefficient
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(R2) values, which were 0.1681 and 0.0454 for 4-nitro-

phenol and 2-nitrophenol, respectively.

The kinetic data were further fitted into pseudo-second-

order model according to the equation:

t

qt
¼ 1

k2q2e
þ t

qe
ð5Þ

where k2 is the pseudo-second-order rate constant (g/

mg min).

The adsorption of 4-nitrophenol and 2-nitrophenol onto

GLA is best described with the pseudo-second-order kinetic

model. Tang et al. (2007) reported similar results for the

adsorption of p-nitrophenol onto activated carbon fibre.

Intra-particle diffusion model

The intra-particle diffusion model accounts for mobility of

adsorbate species from solution to the solid phase of the

adsorbent and also explains the interaction between the

adsorbate and surfaces of porous adsorbent. The mecha-

nism of adsorption of both nitrophenols onto GLA, and the

rate controlling mechanism may involves one of the fol-

lowing steps or a combination of steps: (1) mass transfer of

the nitrophenols across external boundary film layer of

solution, (2) rapid step of adsorption on surface of GLA

with the energy required depending on nature of adsorption

(physisorption or chemisorption) and (3) the diffusion of

nitrophenol molecules to an active adsorption site either by

pore diffusion or by mechanism of solid surface diffusion.

The intra-particle diffusion model used to describe the

adsorption process follows the equation

qt ¼ k3t
1=2 þ C ð6Þ

where k3 (mg/g.min1/2) is the intra-particle diffusion rate

constant, and C (mg/g) is intra-particle diffusion constant

related to the thickness of the boundary layer.

A nonlinear intra-particle diffusion plot implies that

adsorption of nitrophenols onto GLA was controlled by

more than one process. It was found that intra-particle

diffusion was not solely involved in the rate-limiting step

because the intra-particle diffusion model plot was not

linear, therefore, other factors such as the influence of

diffusion through boundary layer might have influenced the

adsorption process.

Adsorption isotherms

The relationship between the amount of adsorbates adsor-

bed on surfaces of adsorbent and concentration of the

adsorbate is established with adsorption isotherms. This

study employed the Langmuir, Freundlich, Temkin and

Dubunin–Radushkevich adsorption isotherms to under-

stand these relationships.

Langmuir isotherm

Langmuir isotherm is based on the hypothesis that

adsorption only takes place at specific homogeneous sites

on the surface of adsorbent, and that no further adsorption

can take place at the site an adsorbate molecule already

occupies. The linearized form of the Langmuir isotherm is

expressed as:

1

qe
¼ 1

bQ0

:
1

Ce

þ 1

Q0

ð7Þ

where qe is the amount of adsorbate adsorbed per gram of

the adsorbent (mg/g). Qo is the monolayer adsorption

capacity, which indicates the maximum amount of adsor-

bate per gram of adsorbent (mg/g), b is Langmuir isotherm

constant (L/mg), which defines affinity of adsorption and

Ce is equilibrium concentration of adsorbate in solution

(mg/L).

The calculated isotherm parameters are presented in

Table 2. The Langmuir isotherm model partly described

the adsorption of 4-nitrophenol and 2-nitrophenol based on

their correlation coefficient (R2) values.

Langmuir isotherm model defines the dimensionless

separation factor (RL) according to the following equation:

RL ¼ 1

ð1þ bCiÞ
ð8Þ

where Ci is the initial adsorbate concentration in the

solutions. A value of RL = 1 has been attributed to linear

adsorption; and for RL[ 1, this represents unfavourable

adsorption; a value of RL = 0 shows irreversible adsorp-

tion while adsorption process is favourable when

0\RL\ 1. The RL values obtained from study results

(Table 2) revealed the favourable and linear adsorption of

the nitrophenols onto the GLA.

Table 1 Kinetic parameters for the adsorption of phenol on GLA

Kinetic models Parameters

Pseudo-first order K1 (min-1) qe (mg/

g)

R2

4-NP 0.0032 0.27 0.1681

2-NP 0.0039 0.26 0.0454

Pseudo-second

order

K2 (g/mg min) qe (mg/

g)

R2

4-NP 0.0690 20.04 1

2-NP 0.0664 20.04 0.9999

Intra-particle

diffusion

K3 (mg/

(g.min1/2)

C (mg/

g)

R2

4-NP 0.0437 19.356 0.8258

2-NP 0.0383 19.409 0.8052

4-NP nitrophenol, 2-NP 2-nitrophenol
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Freundlich isotherm

The Freundlich isotherm describes adsorption on hetero-

geneous surfaces. The empirical Freundlich isotherm

equation is expressed as follows:

qe ¼ KfC
1=n
e ð9Þ

where Kf is symptomatic adsorption capacity; the distri-

bution coefficient indicative of relative adsorption capacity

of the adsorbent (mg/g)(L/mg)1/n. The magnitude of

n indicates the favourability and intensity of adsorption.

Values of n approaching 1 but less than 10 represent

favourable adsorption condition. The values of n (Table 2)

showed that the adsorption of the nitrophenols was

favourable.

The heterogeneity of the adsorption process was

demonstrated by Freundlich model because the model

showed a better fit compared to the Langmuir model. This

may be related to the different possible interaction of the

nitrophenols with multiple functional groups such as P–O,

CO, and OH that are available on surfaces of GLA as

illustrated from FTIR analysis.

Temkin and Dubunin–Radushkevich model

The characteristic energies involved in adsorption process

were evaluated may be evaluated using Temkin (Eq. 10)

and Dubunin–Radushkevich (Eq. 11) isotherm models.

The Temkin model may reveal if the heat of adsorption on

the surface layer of adsorbent would decrease linearly with

an increase in coverage due to adsorbate–adsorbent inter-

actions, while the Dubunin–Radushkevich (D–R) isotherm

model describes adsorption process in terms of Gaussian

energy distribution on heterogeneous surfaces.

The linearized Temkin and D–R adsorption isotherm

equations are expressed as follows:

qe ¼ B lnKTEM þ B lnCe ð10Þ

ln qe ¼ lnuD � wD ln 1þ 1

Ce

� �2

ð11Þ

Where B (kJ/mol) and KTEM (L/g) represent the heat of

adsorption and Temkin equilibrium binding constant,

respectively; UD (mg/g) is the Dubunin–Radushkevich (D–

R) adsorption capacity, and WD is the characteristic energy

of adsorption.

The evaluated parameters of B, KTEM, UD andWD in this

study are presented in Table 2. The Temkin heat of

adsorption constant, b, was found to be lesser for adsorp-

tion of 4-nitrophenol relative to 2-nitrophenol (24.213 and

30.421 J/mol, respectively), meaning that there was more

monolayer coverage of 4-nitrophenol on GLA relative to

2-nitrophenol. It had been earlier established that Langmuir

isotherm (monolayer adsorption modelling) showed higher

correlation for 4-nitrophenol than 2-nitrophenol.

A good correlation with adsorption process was also

obtained with the Temkin and D–R models (Table 2). The

best fit for isotherm modelling of the adsorption of 4-ni-

trophenol and 2-nitrophenol onto GLA was in the order:

Freundlich model, followed by Langmuir, Temkin and D–

R model. Temkin isotherm described adsorption of 4-ni-

trophenol better than Langmuir isotherm.

Thermodynamics of adsorption

There was a decrease in the removal of both nitrophenols

by GLA as the temperature increased. This showed an

exothermic adsorption process. Although the adsorption

capacity of GLA to remove both nitrophenols decreased

Table 2 Isotherm parameters

for the adsorption of

nitrophenols onto GLA

Equilibrium models Parameters

Freundlich KF (mg/g)(L/mg)1/n n R2

4-NP 18.15 2.69 0.9683

2-NP 16.53 2.33 0.9648

Langmuir Qo (mg/g) b (L/g) RL R2

4-NP 103.09 0.213 1.000 - 0.009 0.9087

2-NP 103.10 0.210 1.000 - 0.0164 0.8660

Temkin B (J/mol) KTEM (L/g) R2

4-NP 24.213 1.36 0.9356

2-NP 30.421 1.01 0.8145

Dubunin–

Radushkevich

WD (J2/mol2) UD(mg/g) R2

4-NP 5.998 102.92 0.6496

2-NP 6.7304 110.05 0.5854

4-NP nitrophenol, 2-NP 2-nitrophenol
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with increase in temperature, more molecules of 2-nitro-

phenol were removed at different temperatures. The solu-

bility of the nitrophenols is increased at higher

temperatures, leading to a decreased uptake by GLA. The

electron withdrawal strength of the –NO2 substituent on the

–OH also varies with ring position, perhaps resulting in

different electron densities and different level of chemical

interaction between the nitrophenols and surfaces of GLA

at a different temperature.

Thermodynamic parameters such as the standard Gibbs

free energy (DG�), enthalpy change (DH�) and entropy

change (DS�) associated with the adsorption of 2-nitro-

phenol and 4-nitrophenol by GLA were determined. The

Gibbs free energy DG� (kJ/mol) describes spontaneity and

thermodynamic favourability of adsorption. DG� was

evaluated using Eq. 12 while the values of DH� (J/mol) and

DS� (J/(mol/K)) were evaluated from Eq. 13.

DG� ¼ �RT ln Kc ð12Þ

lnK ¼ � DH�

RT
þ DS�

R
ð13Þ

where Kc is the thermodynamic equilibrium constant; R is

the universal gas constant (8.314 J/(mol/K)); T is absolute

temperature (K).

A linear plot of ln Kc versus 1/T was used to evaluate the

standard enthalpy DH� (J/mol) and standard entropy

change DS� (J/(mol/K)) from the intercept and slope,

respectively. The calculated thermodynamic parameters are

listed in Table 3.

As illustrated in Table 3, the enthalpy changes (DH�)
for the adsorption of the two nitrophenols onto GLA

were negative, signifying exothermic adsorption process.

Furthermore, these values are lesser than 40 kJ/mol,

which suggest of a physisorption process (Kara et al.

2003). The entropy change (DS�) values were less than

zero, confirming the fact that, the diffusion of nitro-

phenols taking place on the surfaces of GLA is more

restricted, compared to adsorbates in solution (Tang

et al. 2007). The free energy change (DG�) values were

negative inferring that lesser driving force was required

for adsorption process to occur. These absolute DG�
values also demonstrated spontaneity and thermody-

namic favourability of the adsorption of both nitrophe-

nols onto GLA.

Comparison of GLA with other adsorbents

The maximum adsorption capacity of GLA to remove

phenolic compounds was compared to other adsorbents

(Table 4). Activated carbon prepared from V. vinifera leaf

litter in this study showed a relatively good adsorption

potential for removal of nitrophenols.

Table 3 Thermodynamic

parameters for the adsorption of

nitrophenols by GLA

DH� (kJ/mol) DS� (J/mol.K) DG� (kJ/mol)

303 K 313 K 333 K 343 K

4-NP -12.177 -33.69 -1.869 -1.773 -0.959 -0.577

2-NP -5.146 -8.71 -2.495 -2.458 -2.212 -2.159

4-NP nitrophenol, 2-NP 2-nitrophenol

Table 4 Comparison of adsorption capacity of some adsorbents

Adsorbent Target organic

pollutant

Initial adsorbate concentration

(mg/L)

Adsorption capacity

(mg/g)

References

Activated tea waste 4-nitrophenol 1000 142.85 Ahmaruzzaman and Gayatri

(2010a)

Activated jute stick char 4-nitrophenol 1000 31.55 Ahmaruzzaman and Gayatri

(2010b)

Fly ash 2-nitrophenol 0.461 Potgieter et al. (2009)

4-nitrophenol 0.110

Date pits activated carbon 2-nitrophenol 142.9 Altaher and Dietrich (2014)

4-nitrophenol 108.7

Oil shale reside (physical

activation)

4-nitrophenol 5–100 8.89 Al-Asheh et al. (2004)

Water Hyacinth activated carbon 2-nitrophenol 20–160 47.62 Isichei and Okieimen (2014)

Tendu leaf phenol 20–200 31.3 mg/g Nagda et al. (2007)

Activated Vitis vinifera (grape)

leaf litter

2-nitrophenol 10–500 103.10 This study

4-nitrophenol 10–500 103.09
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Conclusion

This study utilized chemically activated waste biomass of V.

vinifera leaf litter to adsorb 2-nitrophenol and 4-nitrophenol.

The choice of adsorbent was made after considering the low

cost, availability and unproven economic use of V. vinifera

leaf litter. The adsorbent develops porous structure after

activation which may have enhanced the adsorption capacity.

We tried to understand the potential adsorbate–adsorbent

interactions in the adsorption process. Optimal removal of the

nitrophenols was achieved around a neutral pH of 6.9 within

30 min contact time. The adsorption of both nitrophenols was

best described with pseudo-second-order kinetic model, and

although intra-particle diffusionwas not the rate-limiting step,

it was significantly involved in the adsorption process. Both

Freundlich and Langmuir isotherms fit the equilibrium data

well. Adsorption of nitrophenols onto GLA was exothermic

and spontaneous.Conclusively, activatedV. vinifera leaf litter

can be considered promising and economical as a precursor in

preparation of activated carbons, and as an effective adsorbent

in the treatment of wastewaters containing 2-nitrophenol and

4-nitrophenol pollutants.
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