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Abstract

Due to the high cost associated with the treatment of effluents containing heavy metals in the environment, the continuous
untreated release of effluent containing chromium from textile industries has resulted in several adverse effects to plants,
ecological systems and humans. This research therefore focused on the use of a low cost, biodegradable Heinsia crinita seed
coat (HCSC) material for the biosorption of chromium(VI) from aqueous and textile contaminated effluent. The biosorbent
was characterized for specific surface area, surface morphology, pH point of zero charge and surface functional groups.
Operational variables influences such as biosorbent dose, pH, temperature, initial Cr(VI) ion concentration and contact time
on biosorption process was tested. The optimum biosorption parameter was obtained at pH 2.0, adsorbent dosage 0.25 g
and contact time of 30 min. From sorption analysis, the pseudo-second-order model best described the attenuation kinet-
ics. Concerning biosorption equilibrium, the results suggested that the adsorption isotherm obeyed the Freundlich model.
Langmuir maximum monolayer biosorption capacity of 231.7 mg/g was higher than most biosorbents for Cr(VI) ion. The
thermodynamic data showed a physical, spontaneous and endothermic biosorption process. HCSC showed high percentage
desorption >90% using 0.1 M HNO; and was efficient after three cycles of regeneration studies. The results showed HCSC
biomass as a suitable candidate for abstraction of Cr(VI) ion from contaminated solution and textile effluent.
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Introduction hardness, total suspended solid, phosphate, sulfate, organic,

inorganic pollutants and heavy metal ions (Ibigbami et al.

One of the major hazards in the twenty-first century is envi-
ronmental pollution, due to man’s desire for improved yield
in agriculture, technology and socioeconomic development
with the use of chemicals. The mismanagement, improper
treatment and discharge of chemically induced wastewater
into the environment and its attendant effect on humans and
living organisms are worrisome. Discharge of effluents ema-
nated from various industries constitutes a large amount of
physicochemical parameter that comprises nitrite, conduc-
tivity, nitrate, alkalinity, temperature, pH, oxygen demand,
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2016). Some of these compounds have been validated to
have a pronounced effect in most waste streams which
include those emanating from industrial activities associated
with breweries, battery manufacture and pharmaceuticals
petrochemicals, distilleries, pulp and paper manufacture,
petroleum production and blending of spirit, refining, met-
allurgical plants, fertilizer, pigment, paints, pesticide and
herbicide industries, mining and tanneries as well as textiles
industries (Asuquo et al. 2017). Among these industries,
textiles are one of the leading consumers of water and com-
plex chemicals during different stages of textile processing.

Heavy metals are gaining popularity in the list of pol-
lutants that distort our environment because of their bio-
accumulation and bio-concentration in living tissue, which
further biomagnifies as they progress through the food chain
(Sridhara et al. 2008). Heavy metals cannot be biodegraded
or destroyed. Some of them are carcinogenic, mutagenic, ter-
atogenic, toxic, poisonous, oxidizing, reducing, flammable
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and very reactive, and they enter our body system through
water, food, air and drinking. Effluents from textile mills
also contain chromium which is one of the most toxic heavy
metal, widely utilized by different industries (Al-Othman
et al. 2012; Li et al. 2012). The existence of chromium in
the environment is represented by the + 3 and + 6 oxida-
tion state (Karimi et al. 2012). Chromium in the oxidation
state of VI is more poisonous and harmful to human health
than chromium in the oxidation of III (Samani et al. 2010).
Chromium(III) exists in nature and is needed by the body to
utilize fat, protein and sugar. The required dosage of Cr(III)
for adults is 50-200 mg per day (Lazaridis and Asouhidou
2003). Contrarily, Cr(VI) barely exists in nature, but is
normally discharged into the environment through human
activities. It has been investigated and validated by the
International Agency for Research on Cancer (IARC) that
chromium(VI) is a potent carcinogen to humans. Accord-
ing to Environmental Protection Agency (EPA), the highest
permissible amount of total chromium discharge into potable
drinking water is 0.05 mg/L inland and in surface waters is
0.1 mg/L (EPA 1990). Consequent upon these, it is neces-
sary and expedient to inhibit these metallic contaminants
from polluting surface and ground water by condensation,
dispersion, sedimentation, precipitation or dissolution and
also to eliminate or lower their presence in order to reduce
the likelihood of animal, plant and human uptake and even-
tual accumulation in the food chain (Mclaughlin et al. 2000;
Kabata-Pendias 2001).

To recover and restore the heavy metal contaminated
effluent, different currently developed treatment technologies
were investigated by several researchers for remediation of
wastewater soiled with heavy metals. The method reported
includes membrane, separation, coagulation, ozonation, pre-
cipitation, ion exchange, solvent extraction and flocculation.
All these methods possess characteristic limitations, such
as high cost, and high-energy requirements (Padmesh et al.
2006). The quest for cheap and inexpensive technologies
that involve abstraction of harmful metals from effluent has
shifted to biosorption, according to sorbate—sorbent interac-
tion. Different bio-adsorbents were used and showed sig-
nificant biosorption uptake capacity for heavy metals from
contaminated solution. Some of them include tamarind hull,
rice straw, sawdust, rice husk, sunflower stem, sea-weed,
wood, tea-waste, maize-corn cob, sugarcane bagasse, blue
algae, Bael fruit, Macadamia nutshell, Cranberry kernel
shell, rosehip seed shells, banana peel, etc. (Chojnacka et al.
2005; Anandkumar and Mandal 2009; Zahra et al. 2013;
Pakade et al. 2017; Parlayici and Pehlivan 2019). The quest
for the use of biosorbents with possibly higher adsorption
potentials is necessary and ongoing. Out of these arrays of
adsorbents, the seed coat of powdered Heinsia crinita which
is readily available in Nigeria has not been utilized for the
adsorption and successive desorption of Cr(VI) ion from
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polluted solution. Heinsia crinita belongs to the family of
Rubiaceae, and it is locally known as Atama leaves (Okokon
et al. 2009). It is a shrub with woody stem and branches
and it is native to West Africa, particularly the southern
part of Nigeria (Akinfolarin and Gbarakoro 2016). It is an
evergreen scrambling shrub in secondary jungle, or small
tree that averages 8—13 m in height. The leaves extract have
been reportedly used in the treatment of skin rashes and the
leaves for umbilical hernia. The leaf juice is also used in
the management of various other gastrointestinal disorders
(Etukudo 2003).

A thorough literature search revealed lack of informa-
tion on bio-adsorbent prepared from Heinsia crinita seed
coat for the abstraction of Cr(VI) ions or any other pollutant
from aqueous solution and textile effluent. The objective of
the study was to look at the potential biosorbent property of
Heinsia crinita seed coat powder for remediating Cr(VI) ion
and its desorption potential. The adsorbents effectiveness for
removal of Cr(VI) from a contaminated textile effluent was
also evaluated.

Materials and methods
Adsorbate preparation

Analytically reagent grade chemicals were used in this study
without further purification. All the glasswares used were
washed and rinsed several times. For preparation of stock
solutions and dilutions, deionized water was used. Stock
solution of 1000 mg/L Cr(VI) concentration was prepared
by diluting 2.8288 g of Potassium dichromate in 1000 mL
volumetric flask using deionized water. Serial dilution of
stock solution was carried out to obtain solution of different
concentration 100-500 mg/L. Adjustment of pH of the solu-
tion with 0.1 M NaOH and 0.1 M HNO; was done.

Biosorbent preparation

Heinsia crinita seed coat (HCSC) used as biosorbent in
this study was obtained from a local farmland in Ikot Ekop,
Akwa Ibom State, Nigeria. Thorough washing of the bio-
mass with distilled—deionized water to discard impurities
and adhered metal contaminants was done and was dried
under the sun for 21 days. The seed coats were separated
from the seed, washed with deionized water, and were later
dried in air-supplied oven at 80 °C for 3 h. The resulted
sample was thereafter milled into fine powder with the aid
of a mechanical grinder (Thomas milling machine), and sub-
sequently filtered in a sieve using 150 pm ASTM mesh size
to obtain powders of uniform particle sizes. The biosorbent
parts with particle diameter < 150 um were utilized.
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Characterization

The functional groups present on HCSC were obtained
using Fourier Transform Infrared spectrum (FT-IR) (Per-
kin Elmer FT-IR spectrophotometer, spectrum BX). Scan-
ning electron microscopy (SEM) (JEOL JSM-5610LV,
Japan) coupled with energy dispersive analysis of X-ray
instrument (EDX) was used to determine the morphol-
ogy. The pH of the slurry was obtained using a pH meter
(Mettler Toledo). The pH drift method by prahas et al.
(2008) was conducted to determine the pH,,. of the adsor-
bent. Determination of bulk density was conducted using a
25 cm? density bottle. The specific surface area of HCSC
was determined via Saers method (Saer 1956).

Wastewater was obtained from a textile industry located
in Lagos state, Nigeria, and was characterized using stand-
ard methods as reported (FEPA 1991; APHA 2005; Skoog
et al. 1998).

Batch biosorption test

Biosorption technique was carried out by equilibrating
0.25 g of HCSC with 50 mL of 200 mg/L Cr(VI) solu-
tion in a 250 mL stopper conical flasks for 120 min. The
flask contents were agitated using a temperature-con-
trolled mechanical shaker machine at 200 revolutions per
minute at room temperature of 25 °C. The effect of pH
was investigated at pH values of 2.0-8.0, HCSC dosage
(0.05-0.30 g), contact time (0—180 min), initial Cr(VI) ion
concentration (100-500 mg/L) and temperature (25, 40
and 55 °C). To study the effect of a parameter, the param-
eter was changed while maintaining others at the optimum
conditions. As the given contact time for each experiment
was exhausted, the mixtures were separated by filtration
and centrifuged at 1500 rpm for 10 min thereafter 10 mL
aliquots was taken. The filtrate was then analyzed using
the Atomic Absorption Spectrophotometer (Buck Scien-
tific Model 201 VGP) (AAS). The percent metal uptake
by the biomass and equilibrium adsorption amount g,
of HCSC biomass was calculated using Egs. (1) and (2),
respectively,

Co B Ce
100
% (1)

o

%Sorption =

go= =€ )
m

where ¢, (mg/g) is amount of equilibrium adsorption, C,

represents the concentration of initial metal ion (mg/L), C,

is the equilibrium concentration (mg/L), V is the solution

volume (L), m represents the weight of biomass (g).

Desorption/regeneration experiment

Desorption characteristics of Cr(VI) ion from spent HCSC
were studied using the solvent elution method. This was car-
ried out using 0.1 M HNOj; as stripping agent. 0.1 g of dried
Cr(VI) loaded adsorbent was mixed with 50 ml of the strip-
ping agent and agitated for 1 h then filtered and the eluted
Cr(VI) concentration from the filtrate was determined by
the AAS. The percentage desorption was calculated by the
equation (Chukwuemeka-okorie et al. 2018):

% Desorption = 100[CpVp| /e )

where Cp, (mg/L) is the Cr(VI) ion concentration in desorbed
solution, Vp, (L) is the desorbed solution volume, mass of
HCSC is represented by m (g) which is used for desorption
and g, (mg/g) is the adsorption capacity of HCSC for Cr(VI)
ion. Three cycles of adsorption/desorption were performed
to obtain the reusability of the biosorbent. The desorp-
tion—adsorption were performed under the same conditions
described for adsorption and desorption. At the end of each
cycle, the adsorbents were washed with deionized water and
oven dried.

Validation of model

Chi-square X analysis was carried out to ascertain the iso-
therm with best description of biosorption of Cr(VI) onto
HCSC powder. The equation below gives the mathematical
statement for X2 analysis (Viswanathan et al. 2009):

2=y (qe_—qm)z 4)
Qe

where q,,,, is the capacity of equilibrium determined by
model calculation (mg/g) and g, represents the experimental
data on the capacity of equilibrium (mg/g). If the data from
the model are analogous to the experimental data, the value
of X? will reduce, but if they contrast, the value of X? will
increase. It is also important to use the nonlinear chi-square
test to analyze the data set to validate the best-fit isotherm
for the mathematical description of the biosorption system.

For the kinetic models, the squared sum of error (SSE)
values estimated the best fit. For accurate estimation of g,
value, SSE should be smaller and 7> should be higher for a
good fit of model with experimental data.

2
de—4q
SSE = Z —< Le . i) 5)
te

where ¢, and g, ,, are the corresponding values that are
determined from the kinetic models and the experimental
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capacity of biosorption of metal ions (mg/g) at time ¢. The
value of g,, k;, R* along with squared sum of error values for
all the kinetic models are calculated using Microsoft excel
add on software.

Results and discussion
Characterization of HCSC powder

Characterization of the biomass (Table 1) portrayed that
HCSC powder contained moisture content, 3.36%; ash
content, 0.83%, volatile matter, 27.51%; and fixed carbon,
68.30%. The results presented herein were obtained from the
mean of duplicate determinations. The low moisture content
helps in the preparation of the HCSC, since they require less
drying before use. The existence of low moisture content
confirms the presence of very low fatty content in HCSC
(Kamsonlian et al. 2012). The carbon content fixed value
of HCSC determined from proximate and ultimate analy-
sis was 70.40% and 68.30%, respectively. The high carbon
content of HCSC powder showed the potentials of HCSC
as a good candidate for sequestering heavy metal ions from
polluted wastewater. The bulk density of the HCSC pow-
der was 0.38 g/cm?’. The analysis results also showed that
the surface area, slurry pH, and average particle size of the
biosorbent was 176.6 m2/g, 4.57 and 75-150 pm, respec-
tively. The pH,. is the value of pH with equal positive and

zpc

Table 1 Physicochemical characterization parameters of HCSC

Parameter Value
Moisture content (%) 3.36

Ash content (%) 0.83
Volatile matter (%) 27.51
Fixed carbon content (%) 68.30
pHzpc 4.12
Tapped bulk density (g/cm?) 0.38
Slurry pH 4.57

SSA (m%/g) 176.6
Average particle size (um) 75-150 pm

Elements % composition

Elemental composition of HCSC biomass

Ag 0.14
Si 0.12
C 70.40
Mg 0.38
O 6.00
Cu 3.42
Al 18.69
Fe 2.78
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negative charges on the surface of HCSC biomass. The pH,,.
of HCSC biomass was found to be 7.01. However, precipi-
tation may account for metal removal at higher pH values
above 6.0. Therefore, lower pH values were utilized in the
sorption experiment to avoid precipitation of Cr ions in form
of insoluble hydroxides.

The morphology and elemental composition of HCSC
biomass was obtained by SEM and EDX analysis respec-
tively (Fig. 1). It was observed that the surface of HCSC
was irregular and heterogeneous. The existence of protru-
sions pores was not distributed evenly, but moved within
the cell matrix of the biomass (Kamsonlian et al. 2012).
The surface roughness of the biomass revealed the avail-
ability of a large surface area (176.6 m*/g) of biosorbent
for metal binding. The EDX analysis of HCSC powder was
carried out to ascertain the composition of the element of the
sample. Table 1 shows the results of the elemental analysis.
The result (Fig. 1) also revealed sharp peaks for the ele-
ments C, O and Al, and smaller peaks for Cu, Ag, Fe, Mg
and Si. The existence of Al, O and Si as well as Fe in the
biosorbent further reveals the presence of aluminosilicate
in the biomass. The high surface area, proximate and ulti-
mate analysis results were comparable to those obtained by
other researchers (Ahmad et al. 2017, Eze et al. 2019; Yusuff
2019) suggesting good potentials of HCSC as biosorbent for
Cr(VI) ions.

The FT-IR spectrum of HCSC powder was recorded to
obtain surface functional groups of sorption and is shown
in Fig. 2. The FT-IR spectrum revealed that HCSC pow-
der had several functional groups, which could be uti-
lized for Cr(VI) sorption on the adsorbent. Peaks were
observed at 3778 cm™, 3493 cm™!, 3133 cm ™!, 2853 cm ™,
2713 cm™', 2353 cm™, 1645 cm™, 1482 cm™, 1285 cm™,
1205 cm™!, 949 cm™!, 666 cm™! and 373 cm™!. The peaks
at 3778-3133 cm™! indicated the presence of (O-H stretch).
The peaks at 2853 cm™! were attributed to symmetric
and asymmetric (C-H) stretching of aliphatic methylene
and methyl (Yargic et al. 2014). Similarly, the peaks at
2713 cm™! were indicative of symmetrical and asymmetrical
stretch of alkanes, the presence of (C=C) vibrations in the
alkyne groups was attributed to 2353 cm™!. The 1645 cm™!
peak corresponded to the existence of (—C = O) stretch of
carbonyl moieties, 1482 cm™! was attributed to the (C = C)
ring stretch of aromatic compound. Furthermore, the peaks
at 1285 and 1205 cm™! were indicative of (C-N/C-0)
stretch of ether. The peak at 949 cm™! is indicative of the
presence of (C—H) deformation of mono-substituted alkenes,
666 cm™! indicated the existence of (C—H) bonding stretch
(out of plane) of alkenes and the peaks at 373 cm™! were
assigned to the presence of aliphatic phosphorus compound.
Furthermore, the occurrence of the peaks at 492.61 cm™!
and 400 cm™! indicated the existence of Si—O-Si, Al-O-Si
stretch, or C—C/C—-H stretch of aromatic compound (Njoya
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Fig.2 Fourier transform infrared spectra of HCSC powder

et al. 2006). The existence of the Al-O-Si and Si—O-Si
groups on the biomass surface may indicate the presence
of silicon and aluminum compounds depicted in the EDX
spectra of the adsorbent of HCSC.

cm-

Influence of pH on removal of Cr(VI)

The pH is a substantial variable that regulates the heavy
metal abstraction from wastewater. Figure 3 gives the per-
cent removal and biosorption capacity and of Cr(VI) as a
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function of pH in the range of 2.0-8.0. It was shown from
the result that the amount of Cr(VI) sorbed (mg/g) on HCSC
powder reduced with rise in pH. Similarly, the extents of
Cr(VI) removal by HCSC powder also showed a decrease
with pH increase. The optimum amount (mg/g) of Cr(VI) on
HCSC was 49.45 mg/g at pH 2 while the maximum percent
removal of Cr(VI) was 98.90%. The possible explanation
for this observation is that at reduced pH, Cr(VI) may occur
as Cr,0,%~or HCrO,>~ in solution and has the tendency to
interact with protonated active sites of the biosorbent (Aksu
et al. 2002) but as pH of the solution rises, the biomass
surface becomes negatively charged due to less H' ions,
which repel the negatively charged dichromate ions on the
biomass surface, thereby affecting biosorption of Cr(VI).
Different investigators have also profiled the dependence
of pH of solution on metal ions biosorption (Anjana et al.
2007; Kiran et al. 2007). Consequent upon this, at pH 2.0,
maximum adsorption was observed which made it the opti-
mal pH suitable for subsequent studies. Several researchers
have reported similar results on Cr(VI) removal from aque-
ous solutions using different biomasses like Caryota urens
inflorescence waste (Rangabhashiyam and Selvaraju 2014),
Tamarind wood (Acharya et al. 2009) and Bael fruit shell
(Aeglemarme loscorrea) (Anandkumar and Mandal 2009).

Effects of biosorbent dose

The biosorbent dosage is an important parameter that must
be investigated during the biosorption of metal ions. Fig-
ure 4 shows the adsorptive capacity of HCSC and the adsor-
bent dosage effect on the percentage removal of Cr(VI).
The results show that the percentage removal and biosorp-
tion capacity of Cr(VI) increases as the adsorbent dosage

increases. This increase occurred due to increase in the
number of adsorption sites accessible for biosorption (Car-
doso et al. 2011). Similar observation have been validated
by Rafatullah et al. (2009) for Cu (II) removal by sawdust of
sissoo tree (Dalbergia sissoo), Caryota urens inflorescence
waste (Rangabhashiyam and Selvaraju 2014), and Tama-
rind wood (Acharya et al. 2009). On this basis, 0.25 g was
chosen as the optimum dosage for sorption of Cr(VI) for
further studies. The use of an amount greater than this did
not give any significant advantage in the removal percent-
age of Cr(VI).

Effects of contact time

In the study of adsorption kinetics, the adsorption rate is
very important. The effect of contact time was determined
by checking the uptake of the metal ions in model solutions
over a given period of 180 min at 25 °C. Figure 5 summa-
rizes the result. The rate at which Cr(VI) was sorbed was
very rapid during the initial contact but decreased gradually
and reached equilibrium at 30 min. Thereafter no visible
change in Cr(VI) removal was observed. The short contact
time shows that HCSC biomass has the potential to abstract
heavy metals from contaminated wastewater. The optimum
adsorption capacity was achieved within 30 min. Further
increase in contact time did not yield a positive result. The
presence of additional vacant sites at the initial stage may
have contributed to the initial rapid phase, as a result of
the presence of high concentration gradient between sorb-
ate in solution and sorbate on the adsorbent (Dawodu and
Akpomie 2014). This observation can be explained based
on the attraction between Cr(VI) molecules and the HCSC,

Fig. 3 Effect of pH on the 49.50 T T T T T T T T T T T 99.0
biosorption of Cr(VI) on HCSC g —m—qe
adsorbent 49.45 - - - —@— % Adsorption i
] \-/-/ \._/—l
49.40 -98.8
49.35 4 +
] 5
\a 49.30 - 98.6 -g_
= 1 5]
E 4925 - B
& - <
49.20 -98.4 ES
49.15 - L
49.10 A [ ] -98.2
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Fig.5 Effect of contact time on the biosorption of Cr(VI) ion on
HCSC adsorbent

secondly, by the fast diffusion of the Cr(VI) ions onto the
surface and inter-particle matrix to attain rapid equilibrium.

Effect of Initial Cr(VI) concentration on HCSC
biosorption

In the study of isotherms, the effect of initial concentra-
tion is vital. Determination of initial metal concentra-
tion was examined by changing the initial concentration
from 100 to 500 mg/L and keeping all the other factors

T T
0.15 0.20

Adsorbent dose, g

constant. The biosorption capacity of Cr(VI) onto HCSC
is presented in Fig. 6. It was observed that an increase
in the initial metal concentration from 100 to 500 mg/L,
initially increased the biosorption biomass capacity with
increasing initial concentration of metal ions. It was also
observed that with increasing initial concentration of
metal ions from 200 to 500 mg/L, the percentage removal
Cr(VI) ion decreased. This decrease in adsorption is
because of the fixed number of active sites of all the
adsorbents and at higher concentrations, the active sites
become saturated (Tsia and Chen 2010). Furthermore, an
increase in concentration of initial metal ion with increase
in the metal ions adsorption capacity was obtained. This
observation is due to the elevated concentration gradient
which serves as a driving force to overcome the resistance
to mass transfer of the metal ions between the adsorbent
and adsorbate species (Dawodu and Akpomie 2014). Sim-
ilar findings has been reported by (Rangabhashiyam and
Selvaraju 2014) and (Acharya et al. 2009) for hexavalent
Cr(VI) removal from aqueous effluent. For subsequent
sorption studies, 200 mg/L of Cr(VI), which gave an opti-
mum percentage removal was used.

Effects of temperature

Temperature effect on the amount of Cr(VI) sorbed on
HCSC powder and percentage removed was assessed
at three different temperatures: 25, 40 and 55 °C. Fig-
ure 7 shows that metal ions adsorption on HCSC powder
depends highly on the temperature. The maximum adsorp-
tion by HCSC was observed at 55 °C. The output indicates
that the percentage removal of metal ions rose sharply with
rise in temperature. This observation can be ascribed to
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Fig.6 Effect of initial metal ion 100
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the increased HCSC pore size, swelling effect of HCSC,
surface activation, and increase in movement of the Cr(VI)
ion onto HCSC (Rangabhashiyam and Selvaraju 2014).
Similar findings have been well documented in the litera-
ture on the removal of chromium(III), copper(Il), lead(IT)
ions and nickel(II) from aqueous solutions by meranti saw-
dust (Rafatullah et al. 2009).

HCSC maximum adsorption capacity for Cr(VI) has
been compared with other reported adsorbents in the lit-
erature as presented in Table 2. It revealed that HCSC
recorded a higher adsorption than many of the adsorbents
indicating the efficiency of this biosorbent.

— T 99.74 — — T
400 500 100 200 300 400 500

Initial conc (mg/L)

Kinetic modelling

The study of kinetic modelling-based studies gives a bet-
ter understanding of the reaction and mechanisms of the
sorbate—sorbent interaction and helps to explain several
specific parameters for monitoring and evaluating system
performance. To differentiate kinetics equation based on
solution concentration from solid adsorption capacities,
the pseudo-first-order (PSO) equation was applied (Ho
and Mckay 1998; Ani et al., 2019). The pseudo-first-order
equation is expressed generally as follows:

Fig. 7 Effect of solution " T T T T T T T T
temperature on the percentage 39.24 A -
removal and adsorption uptake ) A -98.1
capacity of Cr(VI) ions from —A— % Adsorption
solution unto HCSC 39.22
= 39.20 980 .5
E. - g
£ o]
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kit

2.303 ©

log (9. — ¢;) =log (4.) -
where g, and g, (mg/g) are the capacities of adsorption at
time ¢ (min) and equilibrium, respectively, and K, (min1),
is the rate constant of the pseudo-first-order adsorption. The
value of g, kl,R2 along with SSE values for the PFO model
was calculated and summarized in Table 3. For the pseudo-
first-order model, the g,, ., obtained for HCSC adsorbent was
0.8470 mg/ g and the value of the determination coefficient
(r?) and SSE obtained were 0.1505 and 7.6697. Based on the
low and high values of * and SSE, it can be inferred that the
sorption process was not well described by the PFO model.
It is seen from the table that the PFO equation gave the worst
fit to the experimental result for Cr(VI) metal ions.

The PSO kinetic model of Ho and Mckay (1998) is
expressed as:

4, ka? g ™

The initial adsorption rate constant 4 (mg/g min) is given
as:

h = k,q* ®)

where K, represents the rate constant of PSO adsorption
(g/mg min),q, is the amount of divalent metal ions on the
adsorbent surface at any time, ¢ (mg/g) and g, the amount of
divalent metal ions sorbed at equilibrium (mg/g). However,
if the adsorption process obeys PSO model, then the plot
of (¢/q,) versus ¢ will give a linear graph. The PSO model
assessment of HCSC sorption kinetics of Cr(VI) ions is pre-
sented in Table 3. The PSO rate constant (k,) was —0.33
gmg~' min~!. From this model, the rate of initial sorption
(h) acquired from the pseudo-first-order model was — 114.04
mgg~' min~! and the metal ion loading values acquired
from the pseudo-first-order model (g, ;) was 18.59 mg/ g.
The values of 72 and SSE are 1 and 0.000884. An assess-
ment of the value of g, and the error parameters from
the two models compared to the experimental value g, .,

Table 3 Kinetic parameters for the adsorption of Cr(VI) ion onto
HCSC

Kinetic models Cr(VD)
Goexp (2/2) 18.79
Pseudo-first order

g,cal (mg/ g) 0.8470

K, (min~!) 9.4423E-8

R? 0.1505

SSE 7.6697
Pseudo-second order

h (mgg~" min™") —114.04

g,cal (mg/ g) 18.59

k, (g/ mg) -0.33

R? 1

SSE 0.000884
Intraparticle diffusion model

Kiq 0.7707

1 10.971

R? 0.3348

SSE 3.3261

indicated that HCSC adsorbent uptake of Cr(VI) ion is best
explained by the PSO model. It therefore showed that the
PSO model (Kumar et al. 2010) more suitably explained the
investigated system. The output obtained in this study for the
kinetics of Cr(VI) ion is similar to what has been reported by
investigators on the kinetics of metal sorption using Caryo-
taurens inflorescence waste biomass (Rangabhashiyam and
Selvaraju 2014), for Cr(VI) removal from aqueous solutions,
Cu(II) ions removal from aqueous effluents by blackgram
bran (BGB) (Nadeem et al. 2009) and Cu(II) and Cd(II) ions
biosorption by wheat straw (Dang et al. 2009). A compara-
tive plot of experimental and calculated values of adsorption
capacity g, (mg/g) was plotted for Cr(VI) and is depicted in
Fig. 8. It is evident that the experimental value for Cr(VI)
sorption is well described by PSO model.

In intraparticle diffusion process, ions migrate into the inner
pore spaces of adsorbent particles through different pore sizes.

Table 2 Comparison of

) . Adsorbent q. (mg g™ References
maximum monolayer adsorption
capacity of adsorbents Saw dust 15.84 Dakiky et al. (2002)
Olive cake 334 Dakiky et al. (2002)
Pine needles 21.5 Dakiky et al. (2002)
Brazilian-pine fruit wastes 240 Vaghetti et al. (2008)
Pinussylvestris (cone biomass) 201.81 Ucun et al. (2002)
Ocimum basilicum (mucilaginous seed) 205.0 Melo and Souza (2004)
Imidazole grafted silica 113.0 Li et al. (2007)
Lyngbyaputealis HH-15 (algae) 113.6 Kiran et al. (2007)
Heinsia crinita seed coat 231.7 This work
aﬁ#’iﬁﬁ'ﬂw @ Springer
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According to Weber and Morris (1963) to identify whether the
sorption process is intraparticle diffusion mechanism or not,
the intraparticle diffusion equation should be applied

g, =kigt'? + ¢ ©9)

where k,, is the intraparticle rate constant (mg/g min®?) and
C represents the intercept. If the sorption process is con-
trolled by intraparticle diffusion, the plots of ¢, versus %
will yield a straight line passing through the origin. Intrapar-
ticle diffusion model was applied to describe the adsorption
mechanism of Cr(VI) ion onto HCSC. From Table 3, a very
low regression r* of 0.3348 and high SSE of 3.3261 clearly
indicated that intraparticle diffusion was not the rate-con-
trolling mechanism of the adsorption process. The boundary
layer effect was also described by the intercept of the plot C,
which gave insight into the existence of the surface binding
of the sorbate onto HCSC, thus indicating that intraparticle
diffusion was not the rate-controlling mechanism (Dawodu
and Akpomie 2014).

Biosorption isotherm modeling

Two parameter sorption isotherm models were utilized for
fitting data in other to determine the relationship between
the amount in aqueous concentration at equilibrium and the
amount sorbed. In the current investigation, the Freundlich,
Langmuir, Dubinin—Radushkevich (D-R) and the Temkin
models were utilized (Chukwuemeka-okorie et al. 2018;
Dawodu et al. 2019) to examine the equilibrium between
the concentration in solution and the Cr(VI) ions sorbed onto
HCSC biomass.

25

The Langmuir isotherm (Langmuir, 1918) can be repre-
sented as:

1 1 + 1
onL Ce

de o

(10)

where Q, is the maximum coverage capacity of the mon-
olayer (mg/g) and K represents the Langmuir isotherm
constant (L/mg). Langmuir isotherm is described by certain
essential features expressed in terms of equilibrium param-
eter R which is a dimensionless constant also called separa-
tion factor (Webber and Chakravarti 1974).

1

R=—
LT 144G, an

R; values describes the nature of adsorption to be either
linear, if R; =1, unfavorable if (R > 1), irreversible, if R;
=0 and favorable if 0<R; <1 (Akpomie et al. 2019). The
separation factor R; (Fig. 9) showed a favorable biosorption
of Cr(VI) on HCSC powder as R, values were all within 0
and 1 (Hall et al. 1966). However, the low R* and high X?
indicated that this model did not fit the biosorption data.
This indicated that biosorption of Cr(VI) on HCSC cannot
be attributed to a monolayer homogenous surface process.
Freundlich Isotherm model can be expressed by the
equation (Ouyang et al. 2014):
log Q. = log k; + % log C, 12)
where n is the intensity of adsorption and k; is the Freundlich
isotherm constant. This empirical equation speculates that
the stronger binding site is occupied first and that degree of
site occupation increases as the binding strength reduces

Fig.8 Comparison of the
experimental, pseudo-first-
order, pseudo-second-order and 1
intraparticule diffusion kinetic
parameters for sorption of

Cr(VI) on HCSC powder

G
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= 104 —@— Pseudo | order _
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(Padmesh et al. 2006). If value of 1/n is less than one, it indi-
cates a normal adsorption and 1/ above one indicates coop-
erative adsorption. From Table 4, the value of 1/n was 1.09,
which indicated a cooperative adsorption process between
Cr(VI) and HCSC adsorbent surface. Similar 1/n value for
Cr(VI) has been reported by Ozdemir et al. (2004) in the
biosorption of cadmium(II), copper(Il) and chromium(VI)
by Pantoea sp. TEM18. On the basis of R?, and x> value, the
Freundlich model fits the adsorption isotherm data more than
the Langmuir model (Table 4). The agreements between the
experimental data and the Freundlich model-predicted value
for metal ions sorption onto HCSC are portrayed in Fig. 10.

The Temkin isotherm model was applied in its linear form
and is expressed as (Tempkin and Pyzhev 1940).

q. = BInA + BInC, (13)
RT
B = by (14)

where R is the universal gas constant (8.314 J/mol/k), by is
the isotherm constant, Ay is the Temkin equilibrium bind-
ing constant (L/g) and, and T, temperature. Although the
Temkin model presented the lowest x> value and good fit to
the biosorption, however, the R? of the Freundlich and D-R
isotherm were better, showing the unfitness of this model
to the biosorption as the Freundlich model, which also pre-
sented a relatively low 2.

Dubinin—Radushkevich isotherm model is expressed in its
linear form as (Gunay et al. 2007; Dawodu et al. 2019).

lnqe = lnqs_lgld‘g2 (15)
Where g, is the saturation capacity of the theoreti-
cal isotherm (mg/g) and K,;=isotherm constant of
Dubinin—Radushkevich (mol*/kJ?) and & the Polanyi
potential. The Dubinin—Radushkevich isotherm has been
employed to differentiate between mean free energy of metal
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Fig.9 Separation factor for the adsorption of Cr(VI) onto HCSC
powder

Table 4 Isotherm parameters for the adsorption of Cr(VI) onto HCSC

Isotherm models Parameter
Langmuir
Q, (mg/g) 231.7
K; (L/mg) 0.009259
R? 0.888
X? 11.2562
Freundlich
1/n 1.098
Ky (mg/g) (mg/L)M" 106.29
R? 0.9193
X? 6.6344
Temkin
A (L/ mg) 5.9232
by 46.60
B (mg/g) 53.167
R? 0.878
X? 6.4262
Dubinin—-Radushkevich
q, (mg/g) 128.57
kya (mol®/KJ?) E-07
E (KJ/ mol) 2.236
R? 0.9307
X? 49.9416

ions and its chemical and physical adsorption, E per mol-
ecule of adsorbate (Dubinin 1960). The D-R energy values
give important information on the prediction of the nature
of biosorption process, If 8 kJ/mol > E the biosorption pro-
cess is controlled by physisorption and if E is between 8
and 16 kJ/mol its chemisorption (Akpomie and Dawodu
2015). In the current study, the value of E was found to
be <8 kJ/mol so the biosorption process was physical in
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Fig. 10 Comparison of experimental data with the theoretical data for
equilibrium isotherm studies for the adsorption of Cr(VI) onto HCSC
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nature. Comparison of the isotherm models based on the
#* and r* values showed a better description of the sorption
process by the Freundlich model than Langmuir, Tempkin
and Dubinin—Radushkevich isotherm model and the Freun-
dlich model correlated better with the experimental profile
in Fig. 10.

Thermodynamic studies

Investigation of thermodynamic study was carried out through
study of equilibrium at different temperatures to obtain cor-
responding values of C, and C,. Equilibrium constant, K was
obtained from these values and deduced using the relationship

K== (16)

€

K represents the thermodynamic equilibrium constant (Sarin
et al. 2006). The following relationship represents the Gibb’s
free energy AG(J/mol):

AG = —RTInK (17)

The Vant Hoff expression below represents the relation-
ship between the Gibb’s free energy, the enthalpy change (AH)
and entropy change (AS) at constant temperature according to
thermodynamics:

AH AS
ik = (%7 )+ (5) (18)

The value of AG°,AH® and AS° for the biosorption of
Cr(VI) on the HCSC powder is given in Table 5. The posi-
tive values of AH® suggests the endothermic nature of the
adsorption and the negative values of AG° revealed that the
biosorption process was thermodynamically feasible and spon-
taneous in nature. Similarly, the values of AG° become more
negative as the temperature of the metal ions increased, this
results indicated that the adsorption process is more favorable
at high temperature. The increase in adsorption with increasing
temperature indicated endothermic nature of the adsorption
process and has been well reported for other adsorbents by
other investigators (Prakashan et al. 1999; Arica et al. 2005).
The rise in sorption with corresponding rise in temperature
may be as a result of either increase in the number of active
surface sites available for binding of the metal ions by the
adsorbent or due to the increase in the thickness of bound-
ary layer surrounding the sorbent, so the resistance of mass

transfer of the adsorbent in the boundary layer is diminished
(Meena et al. 2005). Furthermore, the small values of AH® are
not in alignment with the formation of strong chemical bonds;
hence, it indicates physiosorption process and this corrobo-
rated the report of the D-R energy value.

Recovery of sorbent by adsorption-desorption cycle

For the adsorption process to be more viable and practical,
it is essential to examine the recovery of the adsorbents via
regeneration process by treating the used adsorbent material
with a suitable eluent such as HNO;. Desorption and regenera-
tion data are presented in Table 6. In the present investigation,
0.1 M HNO; has been used to examine metal desorption ability
from the HCSC powder. Previous investigation by Chojnacka
et al. (2005) on desorption of Cd, Cu and Cr from Spirulina sp.
using 0.1 M EDTA, 0.1 M HNO; and deionized water revealed
that the most accurate desorbing agent was 0.1 M HNO; which
eliminated 98% of all the metal ions held unto the biomass as
against 0.1 M EDTA efficiency of desorption. In the present
study, 0.1 M HNO; was used to obtain a percentage desorption
0f 95.81% Cr(VI) in the first cycle and is therefore good for the
adsorbent regeneration. As the number of cycles increased, a
gradual decrease in Cr(VI) adsorption was observed as shown
in Table 6. Following a sequence of three cycles, the adsorbent
uptake capacity for Cr(VI) had been diminished from 94.34
to 80.68%. This decrease may be due to weight loss of the
adsorbent during washing and the reduction in the number of
actives sites due to the inability of all loaded Cr(VI) ions to be
removed. High desorption efficiency of all the three cycles was
obtained which was greater than 85% recovery of Cr(VI). The
small proportion of sorbed metal that cannot be recovered by
regeneration process probably indicates that this portion was
strongly bonded, as a result sorption capacity was diminished
in the successive cycle. The output validates that HCSC can
be utilized repeatedly in the elimination of Cr(VI) ions from
polluted medium which is desirable for an efficient biosorbent.

Treatment of textile wastewater using HCSC

To study the effectiveness of HCSC for the elimination of
metallic compounds from aqueous phase, it is essential
to examine the potential of the biosorbent with industrial
wastewater. The result of the characterized textile wastewa-
ter obtained from the textile industry located in Lagos state,
Nigeria, is presented in Table 7. The wastewater was found

Table 5 Values of
thermodynamic parameters for

Metalion  Temp. (K) K, (Lg™') AG,(KImol™') AH, (KImol™') AS, (Kimol'K™') R?

the biosorption of Cr(VI) ions

Crot 298 46.28132

onto HCSC
313 45.83841
328 51.49344

—9.50084
—9.97907
—10.7483

0.728445 0.013575 0.3108
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Table 6 Adsorption—desorption values for Cr(VI) with 0.IMHNO; as
the desorbing agent

No. of cycles Adsorption % Desorption %
94.34 95.81
87.15 91.79

3 80.68 88.54

Table 7 Physicochemical parameters of the textile industrial effluent

Constituents Amounts
pH 3.40
Odor Objectionable
Color Yellowish
Total suspended solids (mg/L) 260

Total dissolved solids (mg/L) 135

Total solids (mg/L) 400
Turbidity, NTU 20.7
Cr(VI) (mg/L) 2.28
Cu(I) (mg/L) 2.16
CddI) (mg/L) 1.19
Ni(II) (mg/L) N/A
Pb(II) (mg/L) 0.04
Co(I) (mg/L) 0.0018
BOD (mg/L) 1238
COD (mg/L) 995

to consist of 2.28 mg/L of Cr(VI), which is relatively high. In
order to understand the elimination of Cr(VI) from the tex-
tile wastewater in the presence of other interfering adsorb-
ates, an array of HCSC dosage between 0.05 and 0.3 g was
used. The result is shown in Fig. 11. Effective elimination of

1004 \- % Adsorption

80

60

% Adsorption

40

20

0.05 0.10 0.15 0.20 0.25 0.30
Adsorbent dose (g)

Fig. 11 Effect of adsorbent dose on the removal of Cr(VI) from tex-
tile wastewater by HCSC

Cr(VI) ions from the aqueous phase in the presence of other
compounds was obtained. When the amount of adsorbent
was less than 0.15 g, Cr(VI) adsorption reduced due to the
interactions of other ions with the surface of the biomass.
This suggests the presence of competitive adsorption tak-
ing place between the other contaminants (adsorbate) and
HCSC; as a result, there was a reduction in the adsorption
of Cr(VI) with smaller amount of HCSC. When the dos-
age increases correspondingly, the competition decreased
as a result of presence of additional active sites and this
enhanced Cr(VI) adsorption onto HCSC surface (Anirud-
han and Ramachandran 2014). However, the high percentage
removal of Cr(VI) from the textile effluent suggested the
usefulness of HCSC not only for removal of metal ions from
single stock solution but from contaminated effluents in the
presence of other pollutants.

Conclusions

This study revealed the use of H. Crinita seed coat powder
as a biosorbent for removing Cr(VI) ions from textile waste-
water and synthetic solution. The biosorbent dosage, pH,
contact time, temperature and initial metal ion concentration
were found to have significant effect on Cr(VI) biosorption
efficiency. The maximum biosorption capacity of powdered
Heinsia crinita seed coat at optimum pH 2 was 231.7 mg/g.
Furthermore, the FT-IR showed several functional groups
responsible for biosorption of Cr(VI) on the biosorbent and
SEM morphology showed a porous structure. The kinetic
studies showed that the biosorption process best fit the
pseudo-second-order kinetic model. The equilibrium sorp-
tion study showed that Freundlich isotherm model gave the
best fit to the experimental data. The calculated thermody-
namic parameters revealed the endothermic, spontaneous
nature of biosorption and physical adsorption of Cr(VI) ion
onto powdered H. Crinita seed coat. Desorption and regen-
eration of the adsorbent for Cr(VI) ion was found to be effec-
tive. The biosorbent was suitable for removal of Cr(VI) from
contaminated textile wastewater. Thus, it may be concluded
that H. crinita seed coat powder showed the potential for
application in treatment of polluted waters contaminated
with Cr(VI) ions. This study was, however, limited to the
removal of Cr(VI) ions, further studies could be performed
on evaluating the adsorption potential of H. Crinita seed
coat for other heavy metals as well as organic pollutants.
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