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ABSTRACT

Activated carbon prepared from Theobroma cacao pod husk was used as a low-cost biosorbent for the removal of mercury(II) from
aqueous solutions. The influence of pH and contact time on the adsorption was investigated by conducting a series of batch
adsorption experiments. The equilibrium data were fitted to the Langmuir and Freundlich isotherm models. The Langmuir
isotherm was found to best describe the experimental data. The amount adsorbed increased with increasing temperature. The
maximum adsorption capacity of mercury was found to be 10° ng g™* for an initial mercury concentration of 100 ppb. The kinetics
of adsorption were modelled by means of the Lagergren-first-order and pseudo-second-order models. The pseudo-second-order
model was found to explain the adsorption kinetics most effectively. It was also found that pore diffusion played an important
role in the adsorption, and intra-particle diffusion was the rate-limiting step during the first 30 min. A FTIR study revealed
that the carbonyl and sulfur functional groups present on the surface of the adsorbing material were involved in chemical

interaction with mercury(II).
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1. Introduction

Mercury (Hg) is one of the most harmful pollutants and it has
become widespread in the environment mainly as a result of
anthropogenic activities."> Mercury has no beneficial biological
function and its presence in living organisms is associated with
cancer, birth defects and other undesirable outcomes.’ Mercury
enters the human body mainly through sea food, drinking water
and inhalation of polluted air* Therefore, according to the
United States Environmental Protection Agency (USEPA),’ the
tolerance limit for Hg** for drinking wateris 1ug L™. Hg*" causes
damage to the central nervous system and chromosomes,
impairment of pulmonary function and kidneys, chest pain and
dyspnoea.® Methylmercury (often written as methyl mercury)
is an organometallic cation with the formula CH,Hg" and is a
serious bioaccumulative environmental toxicant.” The harmful
effects of methylmercury include the contamination of fish,” an
important source of protein around the world, especially for grow-
ing children. Hence, it is essential to remove Hg** from aqueous
solution before its transport and cycling into the environment.

Conventional methods for removing Hg** from aqueous
solutions include sulfide precipitation, ion exchange, alum and
iron coagulation, adsorption on activated carbons and reverse
osmosis.! However, Hg** removal costs for most of these methods
are still very high. This has led to the intensification of research
focussed on new materials and technologies that will provide for
an effective and economic removal of Hg*" from aqueous solu-
tions. Recent developments have centred on the investigation of
non-conventional adsorbents like bentonite,” modified forms of
palm shell,” and natural and aluminium pillared clays" reported
to be used with success to some extent for the removal of Hg**

* To whom correspondence should be addressed. E-mail chacdw @ upe.ac.za

from aqueous solutions including waste Fe(III)/Cr(III) hydroxide.

Besides the economic implications, the use of agricultural
by-products has many environmental advantages.” In the
cocoa-producing regions of the world (e.g. Cameroon, the Ivory
Coast and Ghana in Africa and Brazil in the Amazon) agricul-
tural wastes such as Theobroma cocoa pod husk are often disposed
of under unsuitable conditions. These then rot, generating bad
smells (unhygienic) with considerable negative impacts on the
landscape or provide favourable environments for microorgan-
isms to flourish which eventually find their way into drinking
water streams. Consequently, the use of Theobroma cocoa pod
husk for the purpose of removing Hg** from aqueous solutions
presents multiple advantages from an environmental point of
view. Firstly, since it is disposed of as a waste, its use would add
value to an agricultural by-product. Secondly, the importance of
effective and economic removal of Hg** cannot be overempha-
sized here asitis a global problem. Thirdly, and finally, Theobroma
cocon pod husk may be considered as a renewable resource
because it can be replenished continuously, while the cocoa
beans would continue to be traded as an important cash crop in
many developing countries.

Cocoa pod husk represents between 70 and 75 % of the whole
mass of the cocoa fruit, i.e. 700 to 750 kg of waste can be gener-
ated from a ton of cocoa fruit. Nevertheless, various techniques
have been developed as alternative methods of disposal while
creating valuable products, e.g. food antioxidants,” dietary
fibres," and animal feed.” Cocoa pod husk possesses suitable
characteristics making it a good precursor for the preparation of
activated carbons owing to its cellulosic and hemicellulosic
content."

We reported from our preliminary findings that carbonized
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Theobroma cacao pod husk is effective for the treatment of dye in
wastewater and the removal of As, Cd, Cr, Hg and Ni.” Other
authors have also reported the successful removal of organics,
including pesticides from aqueous solutions.” The objective of
this study was to investigate the feasibility of using carbonized
Theobroma cacao pod husk for the removal of Hg** from water
by adsorption.

2. Experimental

2.1. Instrumentation

Mercury measurements from water samples were carried out
after adsorption on the sorbent with a Model RA-915" Zeeman
mercury analyzer (Lumex, St. Petersburg, Russia) fitted with a
PYRO-915 attachment. The working principal of the instrument
is based on the thermal desorption of Hg from samples placed in
two-stage pyrolysis tubes heated to 750 and 800 °C. When a
known amount of sample is placed in the first preheated tube,
Hg vapour, together with smoke formed after combustion of the
organic materials in the matrix, are transported to the second
tube with the analytical cell preheated to 800 °C. A multi-path
analytical cell with a total optical length of 0.4 m allows detection
of Hg (in pg) because background absorption is eliminated by
the high-frequency Zeeman correction system. The concentra-
tion of Hg in the sample is determined from the integrated
analytical signal, by using the built-in calibration curve, plotted
with different certified reference materials (CRMs). The
PYRO-915 attachment enhances Hg determination in samples
with complex matrices, such as soils, sediments, oil products
and foodstuff, by using the pyrolysis technique without sample
pretreatment.””*** Real-time measurements are made with
visualization of the process on a computer display. With no
chemical sample pretreatment and without addition of chemical
modifiers, the risk of contamination is minimized.

2.2. Reagents and Reference Materials

All the chemicals used were of analytical reagent grade.
Deionized doubly distilled (DDD) water was used throughout
the experimental studies. Mercury standard solutions (10 mg L™,
Atomic Spectroscopy Standard, PerkinElmer, Inc, USA) were
prepared by progressive dilution of a 10 mg L™ mercury stock
solution with DDD water. ACS reagent grade HCl, NaOH and
buffer solutions (Merck, Germany) were used to adjust the solu-
tion pH to the required value.

The Theobroma cacao pod husks were obtained from a farm in
Mbele, in the Central region of Cameroon (4°10°0.02”N and 11°
32'00”E), Africa. Primary treated municipal wastewater (MWW)
samples were collected from the central municipal processing
plant in Pretoria, South Africa (25.7256°S and 28.2439°E). They
were filtered through Whatman paper #4 (USA) to remove
suspended particles and then stored in alaboratory fridge at 4 °C
until analysis within one week.

2.3. Preparation of Activated Carbon

The preparation of activated carbon was carried out according
to the procedure recommended by Martinez et al.” The solid
residue of Theobroma cacao was manually chosen, cleaned with
deionized water, dried at 100 °C for 24 h, ground and passed
through a sieve to obtain samples of 1-2.5 mm particle size. This
raw material was treated with ZnCl, and ZnCl/FeCl, at two
different concentrations (50 and 75 %, m/m), (ZnCl,, ZnCl/FeCl,
solution/char, m/m) and pyrolyzed in a tubular oven (Lindberg
Blue), at three different temperatures (350, 450 and 550 °C).
These ratios were selected from previous investigations™ which

showed that the adsorption capacity increases remarkably with
increasing ZnCl/char ratio. After the activation, the excess ZnCl,
and ZnCl,/FeCl, were removed with a 0.1 M solution of hydro-
chloric acid (HCI), and then the product was washed with hot
distilled water until a neutral pH was reached to obtain the
sample for sorption measurements.

2.4. Characterization of Activated Carbons

The prepared activated carbons (ACs) from Theobroma cacao
pod husk were examined with a scanning electron microscope
(SEM) coupled to an X-ray (EDX) analyzer. N,-physisorption
experiments (adsorption isotherms for pore size distribution
(PSD) and surface area) were conducted with a Micromeritics
ASAP 2010 (USA) surface area and porosity analyzer. Analyses of
adsorption and desorption of nitrogen were conducted at
195 °C. Before the experiments, the sample was degassed at
200 °C overnight. Total surface areas were determined by apply-
ing the BET equation.” External surface areas were determined
by applying the t-plot model between the range 7-9 A * Pore size
distributions were determined using both BJH methods.

Field emission scanning electron microscopy (FE-SEM) and
energy-dispersive X-ray (EDX) analysis were conducted to
observe the surface morphology of the ACs. The samples were
gold coated to improve their conductivity to obtain good images.
Elemental analysis (EA) for the carbon (C), nitrogen (N), oxygen
(O), sulfur (S) and metal content of the various samples was
carried out with the aid of the energy dispersive-X-ray device.
The instrument used to obtain SEM images of the samples and
EDS spectra was a JEOL JSM-7600F field emission scanning
electron microscope, 800 mm?, X-Max coupled to a silicon drift
energy dispersive X-ray detector (SDD) (Oxford Instruments
Ltd, UK).

2.5. Batch Adsorption Studies

The adsorbate stock solution of 1000 mg L™ Hg** was prepared
from HgClI2 in distilled water. This stock solution was diluted as
required to obtain standard solutions containing 10-100 ng L™
Hg**. Batch mode adsorption studies were carried out with
0.05 g of adsorbent and 50 mL of Hg** solution of a desired
concentration in 100 mL conical flasks and were agitated at
160 rev min™ for predetermined time intervals at room tempera-
ture in a mechanical shaker. The removal kinetics of Hg** were
investigated by taking samples of the solution after the desired
contact time (20-120 min) and the adsorbent was analyzed for its
Hg** concentration with a RA-915* Zeeman mercury analyzer.

2.6. Data Treatment

2.6.1. Isotherm Models

The sorption equilibrium data for Hg** on activated carbons
were analyzed by means of the Freundlich and Langmuir iso-
therm models.” The Freundlich isotherm equation x/m = kC""
can be written in the linear form as given in Equation 1.

log| X =logK, +110gCe 1)
m n

where x/in and C. are the equilibrium concentrations of Hg** in
the adsorbed and liquid phases in ng g, and K¢ and n are the
Freundlich constants that are related to the sorption capacity
and intensity, respectively. The Freundlich constants K and n
can be calculated from the slope and intercept of the linear plot
of log (x/m) against logC..

X _ Q,aKiC,

The Langmuir sorption isotherm equation —
m  1+kC,

on

linearization becomes:
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Qe KLQmaX Qmax

where Qmax is the maximum adsorption capacity (ng g™') whenall
adsorption sites are occupied, C. (ng L™) is the equilibrium con-
centration of mercury, Q. is the equilibrium adsorption capacity
and the Langmuir constant Ki (dm’ ng™") is derived from the ratio
of the adsorption rate constant to the desorption rate constant.

)

2.6.2. Kinetics Models
Kinetics adsorption data were fitted to the pseudo-first-order
kinetics model.

dg,

Ezkl(qe _‘75) (3)

where g. and g; refer to the amount of Hg** adsorbed (ng g™) at
equilibrium and at any time, ¢ (min), respectively, and k; is the
rate constant for pseudo-first-order sorption (min™). Integration
of Equation 3 for the boundary conditionst = 0 to tand g: = 0 to
qi, gives Equation 4:

qf klt
log =logg, - 4)
(9. —a,) 2.303
Equation 4 is rearranged to give Equation 5:
kt
1 —-g,)=logg, —— 5
08(q. =q.) =logq. -~ ®)

The slope of a plot of log(q, -7,) versus t was used to determine
the first-order rate constant, k,. In many cases, the first-order
equation of Lagergren® does not fit well for the whole range of
contact times and is generally applicable over the initial stage of
the adsorption processes.” Kinetics data were further treated
with the pseudo-second-order kinetic model” The pseudo-
second-order equation is also based on the sorption capacity of
the solid phase. Contrary to the other model, it predicts the
behaviour over the whole range of adsorption and is in agreement
with an adsorption mechanism involving the rate-controlling
step. The differential equation is given by Equation 6:

d
kg~ ©)

where k; is the rate constant for pseudo-second-order adsorp-
tion (g ng™ min™'). Integrating Equation 6 for the boundary con-
ditions t = 0 to t and g: = 0 to g,, gives Equation 7:

)

This is the integrated rate law for a pseudo-second-order
reaction. Equation 7 can be rearranged to obtain a linear form
(Equation 8):

)

The slope and intercept of a plot of t/g, versus t were used to
calculate the second-order rate constant, k,. This model is more
likely to predict the behaviour over the whole range of adsorp-
tion and is in agreement with the chemisorption mechanism
being the rate-controlling step.*

@)

®)

Table 1 Characteristics of the Theobroma cacao pod husk activated carbons.

2.6.3. Adsorption Mechanism

In order to gain insight into the mechanism and rate-controlling
step affecting the kinetics of adsorption, the kinetics experimen-
tal results were fitted to the Weber and Morris intra-particle
diffusion model,” in which the rate of intra-particle diffusionis a
function of "> and can be defined according to Equation 9:

D %
q= f{;} =k t*
T,

where 1, is the particle radius, D; is the effective diffusivity of
solutes within the particle, and k. is the intra-particle diffusion
rate. Values of k, can be obtained by linearizing the curve q = f
(*3). Such types of plots may present multi-linearity, implying
that the overall adsorption process may be controlled by one or
more steps, such as film or external diffusion, intra-particle diffu-
sion and a chemical reaction on the pore surface, or a combina-
tion of more than one step. Weber and Morris® reported that if
intra-particle diffusion was involved in the adsorption process,
then a plot of the square root of time versus the adsorption
amount would result in a linear relationship, and that the
intra-particle diffusion would be the controlling step if this line
passes through the origin.

©)

3. Results and Discussion

3.1. Characterization of Activated Carbons

In this work, Theobroma cacao pod husk (GAC,), an industrial
effluent abundantly available from the Theobroma bean process-
ing plants, was utilized as a feedstock for preparation of
activated carbon (GACS8: T = 550 °C, 75 % Zn for 3 h), GAC1
(T =450°C,50 % Zn for 3h) and GAC7 (T = 550 °C, 50 % Zn/Fe for
3 h) via microwave-induced 50 and 75 % (w/w) of ZnCl, and
FeCl, activation

3.1.1. Surface Areas and Pore Sizes

The N, adsorption isotherms at 77 K for activated carbons
produced from the Theobroma cacoa by chemical activation are
presented in Fig. 1. All the samples gave type II isotherms,
characteristic of microporous materials. The adsorption iso-
therms show adsorption-desorption hysteresis, indicating the
presence of mesopores. Besides contributing significantly to the
adsorption of the adsorbate, mesopores could be attributed to
the interaction of functional groups at the surface of char which
favours the evolution of molecules during the heating process of
activation, then probably creating external pores.” The overall
porosity development determined by N, adsorption at 77 K by
the BET and BJH methods are shown in Table 1. It shows that all
the samples have surface areas between 357.36 and 586.93 m* g™
with highly developed microporosity.

3.1.2. Functionalization

The Fourier transform infrared (FTIR) spectra of the activated
carbons are shown in Fig. 2. The absorption at 2958 cm™ indicates
the presence of C-H groups.” The peaks appearing at 1542.1
and 1504.6 cm™ are as a result of carbonyl groups (C=0) while

Activated carbons Spe/m? g S/m*g™! Spp/m* g™ Vioma/em® g™ Vyp/em® g™ Suye/Seer Dye/A
GAC1 457.35 512.32 69.327 0.102 0.083 0.151 24.931
GAC7 357.36 446.76 54.235 0.109 64.678 0.152 21.068
GACS8 586.93 777.37 133.614 0.155 0.143 0.227 42.807

(n =3and 5 % error).
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Figure 1 Nitrogen adsorption/desorption isotherms for Theobroma cacao pod husk ACs.
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Figure 2 FTIR spectra for GAC1 (A), GAC7 (B) and GACS (C).
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the bands appearing at 1057.7, 1128.7 and 1162 cm™ are ascribed
to the formation of sulfur functional groups like a highly conju-
gated 5=0.

3.1.3. Surface Morphology

To observe the morphology of the prepared AC samples, SEM
images are shown in Fig. 3. Fig. 3A shows the micrograph for
Theobroma cacao pod husk employed as the raw material for the
preparation of the activated carbons. The material presents a
surface morphology in the form of plates, possibly with a
low specific surface area. The micrographs shown in Fig. 3B, C,D
correspond to the materials collected after the activation process
with ZnCl, and FeCl,, with the salt mixture of 50 % Zn, 75 % Zn
and 75 % Zn/Fe, respectively, for GAC1, GAC8 and GAC7. These
images show that the morphology of the samples has changed
after the activation process; suggesting that surface craters
were produced, which contributes to the increase of the surface
area after the activation. From this analysis, it is clear that
the presence of zinc and iron species in the preparation of the
samples produces ‘craters’ with thinner walls on the surfaces,
thereby creating a weaker structure.

3.2. Batch Adsorption Studies

3.2.1. Effect of Contact Time

Figure 4 shows the effect of contact time on the removal of
Hg**. Experimental studies were carried out with varying
adsorbents (GAC,, GAC, and GAC,) with 100 ng L™ of the initial
mercury ion concentration. Equilibrium adsorption was estab-
lished within 60 min for the metal ion. These data are important
because equilibrium time is one of the parameters for economi-
cal wastewater treatment plant application in agreement with
other authors.” According to these results, the agitation time
was fixed at 2 h for the rest of the batch experiments to make sure
that equilibrium was attained.

3.2.2. Effect of pH

Figure 5 presents the effect of initial pH on the removal of Hg**
by the GACs. It can be shown by speciation calculations that in
the presence of Cl- the predominant species at pH > 6.0 are
Hg(OH), and HgCl,, while at pH < 6.0 it is HgCL,** The forma-
tion of HgCl, has been found to decrease the Hg** sorption onto
a commercial FS-400 GAC." Accordingly, the adsorption of

(®

Figure 3 SEM images of GAC, (A), GAC1 (B), GAC7 (C) and GACS (D).
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Figure 4 Effect of agitation time on the adsorption of Hg(Il) for GACs. Conditions: carbon concentration, 50 mg 50 mL™ (n = 3 and 5 % error).
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Figure 5 Effect of pH on Hg** removal. Conditions: agitation time, 2 h; carbon concentration, 50 mg 50 mL; initial concentration, 50 ng L™ (n = 3

and 5 % error).

Hg(II) decreased when the pH was lowered from 7.0 to 2.0. On
increasing the pH from 6, the adsorption capacity increased and
became constant over the pH range of 8.0-12.0. This implies that
Hg(OH), species may be retained in the micropores of carbon
particles by chemisorption involving surface complexes." Func-
tional groups, such as CxOH", are assumed to be present on the
surface of the carbons. When Hg** is presentin the solution, the
following surface complexes may be formed:

2CxOH" + Hg?* - (CxO),Hg>* + 2H*
2CxONa* + Hg?" - (CxO),Hg** + 2Na*

(10)
(11)

3.2.3. Equilibrium Isotherms

Adsorption isotherms provide information on the nature of
the solute-surface interaction as well as the specific relation
between the concentration of adsorbate and its degree of accu-
mulation onto the adsorbent surface at constant temperature.
These equilibrium experiments were performed at room
temperature with an adsorbent mass of 0.05 g and an adsorbate

concentration (C,) ranging from 25-125 ng L™. In order to under-
stand the adsorption mechanism of mercury onto activated
carbon, two adsorption isotherm models, Langmuir and
Freundlich, were used to fit the experimental data. The isotherm
parameters were determined by non-linear regression with
Origin version 7.0, a Microsoft Windows-based statistical soft-
ware. The adsorption isotherms obtained for the various GACs
are illustrated in Fig. 6A and Fig. 6B. The values of the parame-
ters and the correlation coefficients obtained for the different
adsorbents are listed in Table 2. It is well known that the
Langmuir model is usually used with an ideal assumption of a
monolayer adsorption surface.” The value of the correlation
coefficients (R?) for the two models for different GACs show that
the best fit was obtained with the Langmuir model. The essential
characteristics of the Langmuir isotherm can be expressed in
terms of a dimensionless constant separation factor or equilib-

rium parameter, R, whichis definedasR; = where K| is

+ K,C,
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Figure 6 Langmuir (A) and Freundlich (B) isotherms for mercury adsorption onto GACs at room temperature (1 = 3 and 5 % error).

the Langmuir constant and C, is the initial concentration of Hg*".
The R, value indicates the shape of the isotherm as follows: R, >
1, unfavourable; R, =1, linear; 0 < R, <1, favourable;and R, =0,
irreversible. According to Mckay et al.,” R, values between 0 and
1 indicate favourable adsorption. The R, values for Hg** were
0.019, 0.038 and 0.026 for GAC1, GAC7 and GACS, respectively,
for 100 ng L™. Hence, the adsorption of the Hg** on GACs seems
to be favourable.

Table 2 Isotherm parameters for mercury adsorption onto GAC1, GAC7
and GACS.

Langmuir GAC1 GAC7 GAC8
Quax/ng 8™ 10° 10° 10°
K;/Lng™ 0.0005 0.00025 0.00037
R? 0.998 0.997 0.999
R, 0.019 0.038 0.026
Freundlich

K/ngg™ 13545.369 2423.577 2540.458
n 6.218 2.952 2,787
R? 0.968 0.948 0.902

3.2.4. Kinetics Studies

In order to investigate the kinetics of adsorption of mercury,
the Lagergren-first-order model® and Ho’s pseudo-second-
order model” were used. The values of the parameters and the
correlation coefficients obtained by using non-linear regression
with Origin version 7.0 at room temperatures are listed in Table 3.
The fit of the experimental data to the kinetics models is illus-
trated in Fig. 7. It was found that Ho’s pseudo-second-order
model gave the highest values of the correlation coefficients and
predicted g, more accurately than the other model investigated.
Therefore, Ho's pseudo-second-order model could be used for
the prediction of the kinetics of adsorption of mercury on the
activated carbon.

3.2.5. Adsorption Mechanism

Figure 8 shows the intra-particle diffusion plot for the adsorp-
tion of mercury on the three activated carbons (GAC1, GAC7 and
GACS). From Fig. 8, it can be seen that the plots for GAC1, GAC7
and GAC8 show similar features; they have one linear segment
followed by a plateau. In the first 60 min, the first linear portion
did not pass through the origin, implying that the intra-particle
diffusion did not play an important role and did not control the
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Table 3 Kinetics parameters for mercury adsorption onto Theobroma cacao pod husk activated carbons.
Model Lagergren Pseudo second order Intra-particle diffusion
K,/min™ R? K,,,/gng” min™' R? h/ng g min™! K,/ng g” min™? R? I
GAC1 0.053 0.832 4.5 x 10~ 0.997 10* 13829 0.874 205020
GAC7 0.061 0.887 9 x10% 0.987 10* 12123 0.727 251550
GACS8 0.042 0.930 4 x10% 0.995 5% 10* 13974 0.756 271414
14
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Figure 7 Fit of the pseudo-first-order (A) and pseudo-second-order (B) kinetics models for the adsorption of Hg** onto GACs for C, = 100 ng L™

(n =3and 5 % error).

rate of the adsorption. After 60 min, the regression was nearly
linear but did not pass through the origin, suggesting that
intra-particle diffusion was not the sole rate-controlling step in
this stage. The k, value evaluated from the first linear parts of
these curves for GAC1, GAC7 and GAC8 were 13829, 12123 and
13974 (ng g™ min™), respectively. The k, value increased with
increasing impregnation of ZnCl,, which showed that the
adsorption rate increased with increasing impregnation of
ZnCl,. Comparing plots of GAC1, GAC7 and GACS, the plot of
GAC8 had an added curved portion in the first 60 min, showing
that film diffusion played an important pole in this stage.”

4. Conclusions

The present investigation shows that the Theobroma cacao
activated carbon was an effective and low-cost adsorbent for the
removal of mercury(Ill) from dilute aqueous solution. The
surface areas of the prepared activated carbons were relatively
high with large pore volumes and were found to be microporous.
The maximum adsorption capacity of mercury was found to
be 10° ng g™ for GACs for an initial mercury concentration of
100 ng L. The Langmuir and Freundlich isotherm equations
were used to interpret the adsorption phenomenon of the adsor-
bate. The Langmuir isotherm was found to best describe the
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Figure 8 Plot of the intra-particle diffusion model for the adsorption of Hg** on GACs for C, = 100 ng L' (n = 3 and 5 % error).

experimental data. The kinetics of adsorption was modelled
with the Lagergren-first-order and pseudo-second-order equa-
tions, and the pseudo-second-order equation was found to
explain the adsorption kinetics most effectively. Carbonyl and
sulfur functional groups present on the surface of the adsorbents
were involved in chemical interaction with mercury as revealed
from the FTIR spectra. It was also found that pore diffusion
played an important role in the adsorption.
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