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Abstract

Continuous discharge of untreated wastewater with high chromium contents from tanning industries causes severe environ-
mental pollution in different aquatic systems as well as poses a variety of health risks. To reduce harmful chromium pollu-
tion in various water bodies, it is imperative to develop a method that is both affordable and environmentally benign. In the
present study, chromium was successfully removed from tannery effluents using the roots of the water hyacinth (Eichhornia
Crassipes). Chromium status in wastewater bodies before and after the biosorption processes was evaluated using standard
spectrophotometric techniques such as UV—Vis and atomic absorption spectroscopy (AAS). The metal removal capacity of
water hyacinth roots was determined by varying the biosorbent dosages, temperature, and starting chromium ion concen-
trations. The maximum removal of chromium was found 95% from dilute tannery wastewater and 72% of chromium was
extracted directly from raw tannery effluents by using different quantities of water hyacinth. The Langmuir and Freundlich
type isotherms were used to study the chromium biosorption process, and the results were found to be highly consistent with
the Langmuir monolayer biosorption type isotherm. The results of kinetic investigation showed that the removal of chromium
by water hyacinth roots followed a pseudo-second-order kinetic with a R* of 0.99618. The biosorption of chromium on water
hyacinth roots was exothermic and spontaneous which were confirmed from the evaluation of thermodynamic parameters
such as AG®°, AH®, and AS°. The present research findings revealed that this naturally available plant could be utilized as
very promising, environmentally friendly, and cost-effective biosorbent for removing chromium species from raw as well as
diluted industrial wastewater systems.
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Introduction

Trivalent basic chromium sulfate is commonly used in the
processing of raw leathers in various tannery industries. Raw
hides and skins are transformed into true leather species
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during the tanning process. The tanning of raw leathers
involved with a variety of mechanical and chemical pro-
cesses. During this procedure, the tanning industries gener-
ate a very large quantity of toxic complex wastewater. In
most of the developing countries, these mixed toxic tannery
wastewater streams are being discharged continuously with-
out any prior treatment or with a partial treatment into the
surrounding waterbodies and thus poses a potential threat of
metal pollution in the respective aquatic systems. 34-56 m*
of water is used in the tanning procedure to process every
ton of raw hides and skins [1-3]. The tannery industries
in worldwide generate over 40 million tons of waste per
year [4], which are continuously contaminating surround-
ing aquatic systems and thus posing severe threats to the
respective environmental ecosystems. Chrome tanning
method is broadly employed in tanning processes in various
industries. This method offers some outstanding advantages
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in raw leather processing in various tanning industries such
as it takes shorter time and produces thinner, softer, and
more abundant leathers as well as its operation is very sim-
ple. Currently, almost 90% of the eighteen billion square
feet of global leather production is being occurred through
the chrome tanning processes [5, 6]. The tannery indus-
tries extensively utilized trivalent basic chromium sulfate,
Cr(OH)SO,, solutions in tanning processes [3]. However,
throughout the tanning process, only 60% of the initial chro-
mium salt concentration is consumed by collagen fibers and
permeated into the pickled pelt and 40% of this chromium
salt remains unused which are being discharged along with
the tannery wastewater [3]. After the manufacturing of wet
blue leather, concentrations of chromium species in waste-
water might be varied from 2656 to 5420 mg/L [7], 5001 to
5023 mg/L [8], 2500 to 8000 mg/L [9], 2000 to 5000 mg/L
[6], 2000 to 5000 mg/L [10], and 3600 mg/L [11]. Every
year, 1.5 x 10* ton of chromium salt is used in chrome tan-
ning processes in various tannery industries in Bangladesh.
These tanning industries continuously discharge a large
quantity of wastewater enriched with toxic chromium spe-
cies after a partial treatment or without any prior treatment
into surrounding freshwater bodies and thus cause severe
environmental pollution as well as pose a serious threat to
the health of millions of people in Bangladesh [12]. The
toxicity, carcinogenicity, mutagenicity, and teratogenicity of
chromium in people, animals, and plants are highly known
and well documented in literatures [4, 13].

The two chemical forms of chromium species that are
typically found in tannery wastewater are chromium (I1I)
and chromium (VI). After being disposed of from tannery
industries, trivalent chromium present in tannery effluents
can easily be transformed into highly toxic chromium (VI)
species in the respective medium through the oxidation pro-
cesses. Chromium (VI) is a hundred times more toxic than
chromium (III), and it is also highly soluble into water [14].
Additionally, chromium (VI) works as a strong oxidizing
agent which can produce free radicals and thus cause can-
cer in cells. Even at a very low concentration, hexavalent
chromium is thought to be carcinogenic, and its presence in
aquatic environments in larger quantities is highly alarming
due to the drastic effects on various aquatic species [15].
Long-term exposure to some chromium compounds can
cause acute tubular necrosis in the kidney, as well as diar-
rhea, heartburn, blindness, allergic responses, respiratory
tract infections, and dermatitis in people [3, 16]. A study
conducted by Kolomaznik et al. also reported the toxicity of
chromium species which was found to be linked to kidney
failure, high blood pressure, and lung cancer [17]. Therefore,
the extraction and removal of any trace quantity of hazard-
ous chromium pollutants from industrial wastewater streams
with a suitable potential method is an urgent need to save
aquatic ecosystems as well as to protect the health of humans
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and lives of aquatic species. Prior to release into fresh natu-
ral water bodies, hazardous metal pollutants in wastewater
systems must be removed in an urgent basis. In most of the
developing countries like Bangladesh, the removal of harm-
ful chromium species from tannery effluents has become
a major concern nowadays. Various approaches have been
made previously to remove toxic chromium species from
tannery wastewater which include electrocoagulation [18],
chemical precipitation [9, 12], ion exchange [19], membrane
processes [20], solvent extraction [21], and electro-dialysis
[22]. Though these methods showed to be more or less effec-
tive to separate toxic chromium species from tannery waste-
water bodies, they have been suffering with many limitations
or drawbacks such as high operational costs, high energy
requirements, and very large quantity of sludge production,
and even some of the methods were observed to be diffi-
cult to control in large-scale practical applications [23]. In
this perspective, a highly efficient and cost-effective alter-
native technology is an urgent need to effectively remove
toxic chromium species from tannery effluents. In recent
years, biosorption has become a viable alternative method
for removing heavy metals from wastewater and this method
was observed to be both affordable and environmentally
acceptable [24]. Biosorption processes utilize the interest-
ing and attractive properties of a natural plant and consider
the invasive nature of weed as well as the environmental
issues involved with its control [25]. Utilization of natural,
household, and agricultural wastes has attracted a consider-
able attention in recent years to remove chromium and other
heavy metals from wastewater due to their effectiveness, low
cost, and availabilities [26-30]. The major advantage of this
technique over the conventional methods is not only its rela-
tively lower cost, but also its higher efficiency, the reduc-
tion of the formation of chemical or biological sludges, the
capacity to replenish biosorbents, and the potential of metal
recovery after the biosorption process [31].
Ligno-cellulosic agricultural waste products may be
significant sources of possible metal-sorbing biomass [32].
The floating aquatic weed known as water hyacinth (Eich-
hornia Crassipes) typically thrives in tropical and subtropi-
cal areas of the world, particularly in Bangladesh. Due to
its simple growth, rapid spread out, and high abundance in
nearby waterbodies, it has gained the moniker “the world’s
worst invasive aquatic plant,” which poses serious prob-
lems for navigation, irrigation, and power generation [33].
Only 12 days are needed for water hyacinth proliferation to
multiply the population by 8% [34]. According to Zheng
et al. [35], the numerous roots of the water hyacinth plants
contain a good number of functional groups that may be
able to bind with both cationic and anionic metal com-
plexes [36]. According to a previous study, dried water
hyacinth roots can function as stronger biosorbents than
the biomass of the bacteria Mycobacterium Phlei, the yeast
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Candida parapsilosis, the fungi Rhizopus oryzae, and the
Acacia confusa [37]. It was found that the biosorption
mechanism is involved with the carboxylate group on the
surface of the biomass.

Biosorbent materials can be technologically viable and
highly adaptable. However, the applications of biosorbents
in metal remediation technology greatly depend on their
availability in vast quantities with relatively lower costs,
high biosorption capability, and renewability. As a poten-
tial biosorbent, water hyacinth plants can effectively extract
metal pollutants up to multiple elution cycles without any
degradation in its biosorption capability [38]. Metal recovery
and biomass regeneration are essential keys for the industrial
applications of water hyacinth plants. Water hyacinth plant
has garnered a lot of interest for the efficient removal of heavy
metals from industrial wastewater streams due to their higher
performance, relatively lower cost, and larger abundance in
nature. Water hyacinth plants have already been employed
successfully to remove dyes [37], heavy metals [39], lead
[40], and arsenic [41] and to alleviate anthropogenic pollu-
tion [42] from various industrial wastewater sources. To the
best of our knowledge, no research has yet been conducted
and no data have been reported in the literatures that used
water hyacinth plants to extract specific chromium species
directly from tannery effluents. The present research work
aimed to investigate the attractive and interesting properties
of water hyacinth plant as a potential biosorbent to remove
toxic chromium species directly from raw tannery effluents
and examine the efficiency of water hyacinth roots to effec-
tively extract the chromium species from tannery wastewater
streams. The study also evaluates the optimum capacity of
water hyacinth roots in chromium remediation technology
in both raw tannery effluents and diluted tannery wastewater
bodies and identifies water hyacinth roots as highly efficient
biomass and cheaper naturally available potential biosorbent.

Water hyacinth is a rapidly growing, floating aquatic plant
which is readily available in the countryside in Bangladesh as
well as in many other countries. The roots of water hyacinth
are endowed with elongated treads, freely dangling purple-
black, and grow and spread out just 2.54 cm below water
surface. The ideal water temperature for their proper growth
in the underneath of water surface is about 28 °C. Under ideal
conditions, the surface of water bodies can be covered by the
mat which can be doubled within only within 47 days [43].
Three water hyacinth plants can produce up to 3000 young
plants in as little as 50 days, whereas only two parents can
produce 30 offspring in as little as 23 days. The water hya-
cinth plant’s highest reproductive rate is 54.4 g dry weight/
m?/day [44]. Instead of on the mat, seedlings of water hya-
cinth plants appear from the moist soils in the surrounding
area. These plants typically grow more swiftly in the summer
and daily cover more than 15% of the water’s surface.

Materials and Methods
Tannery Wastewater Collection

Wastewater released after the wet blue manufacture of
leather was collected from a tannery industry located in
the Tannery Industrial Estate Dhaka (TIED), Savar, Bang-
ladesh, using pre-sterilized polyethylene bottles. All poly-
ethylene bottles were adequately cleaned with a nitric acid
solution, rinsed several times with distilled and deionized
water, and dried before being used for sample collection.
The polyethylene bottles containing the tannery effluent
samples were directly delivered to the lab, where the pH
of each sample was assessed using a calibrated pH meter
and then preserved all samples at a suitable temperature
in a refrigerator until further analysis.

Biosorbent Preparation

Freshwater hyacinth plants were collected randomly from
“Buribhadra,” a small river near Jessore district in Bang-
ladesh. The whole plant bodies were carried out to the lab.
Plant parts such as shoots and roots were separated using a
knife. First, tap water was used to properly wash the roots,
and then, distilled and deionized water was used. After
proper cleaning, the water hyacinth roots were dried in air
under sunlight for a week. The roots were further dried up
in an oven at 85-90 °C for about 12 h to remove all the
moisture contents and finally meshed them with a crushing
machine (FRITSCH, PSDFS 90L2, Germany) to transform
them into powder form. The procedure was repeated to
obtain the powdered form of water hyacinth roots. This
homogenized powdered form of water hyacinth roots was
used in all biosorption experiments without determining
the particle sizes in them. All the biosorption experiments
were repeated three times and the average results have
been reported here.

Chromium extraction and removal study has been car-
ried out by biosorption method. To investigate the effec-
tiveness of water hyacinth roots as a potential biosorbent
to remove chromium species from tannery wastewater
samples, a series of batch studies were carried out. The
various amounts of dried, homogenized, and powdered
water hyacinth roots were used in the batch studies. In
batch A, 5, 10, 20, and 50 g of biosorbent were added into
each 500 mL of raw tannery wastewater in a 1-L beaker
separately. Each beaker with biosorbent material and raw
tannery effluent was covered with cellophane, stirred, and
agitated properly. Similar batch experiments were car-
ried out with diluted tannery wastewater samples. For
this purpose, each raw tannery wastewater sample was
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diluted to ten times to decrease the original concentration
of chromium ion present in raw tannery effluents collected
from the point sources. In batch B, 5, 10, and 20 g of the
biosorbent were added into each of the diluted tannery
wastewater samples. The sorption experiments under batch
C were carried out in a different way in which 5 g of the
biosorbent material was applied separately into three tan-
nery wastewater samples in different 1-L beaker where the
concentrations of chromium were 100, 300, and 500 ppm
respectively. The purpose of the biosorption experiments
in batch C was to determine the maximum chromium
removal efficiency of water hyacinth roots through the
biosorption processes. During the biosorption experi-
ments, the mixtures of the biosorbent material and tannery
wastewater were agitated at 150 rpm for 3.5 h at ambient
temperature in a thermostat incubator with shaker (Model
ZPH-100). After 3 h of shaking, each mixture of finely
crushed water hyacinth root biosorbent and tannery waste-
water was left for 1-2 h without any disturbance. After
filtering the mixture with Whatman no. 42 filter paper, the
filtrate was split into two portions. Major part of the filtrate
was saved in a refrigerator at approximately 4 °C for metal
analysis by AAS, while a minor portion was analyzed by
UV-Vis spectrophotometer.

Digestion of Tannery Wastewater Samples for AAS
Analysis

One hundred milliliters of raw tannery wastewater was trans-
ferred into a 250-mL conical flask, and 10 mL of concen-
trated nitric acid solution was added. The mixture was grad-
ually heated until the volume of liquid mixture was reduced
to 40 mL. After cooling, the mixture was filtered using
Whatman no. 42 filter paper and the filtrate was diluted to
100 mL with distilled and deionized water [45]. All tan-
nery wastewater samples were digested following the similar
procedures [45]. For metal analysis, the digested wastewater
samples were kept in a refrigerator at around 4 °C. The blank
sample was prepared following the same procedure by using
distilled and deionized water only.

Two spectrophotometric methods such as UV-Vis and
AAS were utilized to identify and assay the chromium con-
tents in the starting raw tannery wastewater samples as well
as in the filtrates obtained after the biosorption studies. A
double-beam UV-visible spectrophotometer (UV-1650A,
Shimadzu, Japan) was employed to identify the chromium
species in both the filtrates and raw tannery wastewater
samples. All UV-Vis spectroscopic measurements were
repeated three times and the average result was reported. The
extents of total chromium in all acid-digested filtrates after
the biosorption studies as well as in acid-treated raw tan-
nery wastewater samples were measured by atomic absorp-
tion spectrophotometer (Model AA-7000 Shimadzu). A
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chromium hollow cathode lamp with a 0.7-nm slit width and
25-mA lamp current was used at a wavelength of 357.9 nm.
A deuterium lamp was used to measure the absorbance of
blank samples. All measurements were carried out in tripli-
cate. The analytical procedures were checked and confirmed
against a known concentration of the standard reference
material purchased from CPAchem, Bulgaria. All chemi-
cals (Merck, Germany) used in the study were in analytical
grades, including the standard stock solutions and chro-
mium solution with different concentrations employed in
the biosorption experiments. The blank samples were run
after every seven samples. The precision and accuracy of all
measurements were checked and confirmed by analyzing the
standard reference material (CPAchem, Bulgaria).

Following the biosorption studies, the extents of chro-
mium removal were calculated using the simple concen-
tration difference method. The percentage of chromium
removal by water hyacinth roots was calculated using the
following Eq. 1 [46].

(Co-G)

0

% of removal = x 100 €Y

where C;, and C; are the initial and final concentrations
(mg/L) of chromium respectively. The biosorption capacity
of water hyacinth roots was calculated by using the follow-
ing Eq. 2 [47].

Biosorption capacity (mg/g)

C,-C,)V

qg= —( ) 2
w

where Vis the volume of solution taken,C, is the initial con-

centration, C, is the equilibrium concentration, and W is the

amount of biosorbent utilized.

Results and Discussion

Structural Analysis of Water Hyacinth Plant by FT-IR
spectroscopy

Many chemical species may exist within the roots of water
hyacinth plants and they are highly endowed with polyfunc-
tional metal-binding sites which have a great affinity for both
cationic and anionic metal complexes. FT-IR analysis on
water hyacinth roots before and after the biosorption study
showed the characteristic resonances indicating the presence
of different functional groups which can potentially bind
chromium species on surfaces of the biosorbent.

On the surfaces of the water hyacinth roots, O-H func-
tional group is present, as shown by the broad IR resonance
at 3332 cm™!. The C-H vibration is shown by the emergence
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of distinctive absorption bands at 2921 cm™'. Significant
bands at 1635, 1419, and 1372 cm™! demonstrate the pres-
ence of the aromatic skeletal -HC = CH- bond, whereas a
very high peak at 1004 cm™! was caused by the typical C-O
stretching. In Fig. 1, the spectrum of the water hyacinth root
after biosorption (S-2) showed that many absorption peaks
shifted slightly into lower frequencies at 3314, 2898, 1638,
1422, and 1003 cm™, in comparison to the respective reso-
nances in the spectrum S-1 indicating the possible interac-
tion of the those functional groups with chromium ion. It is
clear that the characteristic IR resonance for -OH functional-
ity, which typically occurs at roughly 3332 cm™, was moved
to a lower frequency of 3314 cm™! with relatively modest
intensity, indicating the possibility of chromium species
interacting with the surfaces of the adsorbent. The FT-IR
resonances obtained from water hyacinth roots were highly
comparable as well as consistent with the data reported pre-
viously in literature from similar studies [35, 48].

pH and Point of Zero Charge (pH,,) on the Surfaces
of Water Hyacinth Root

The pH of water hyacinth root was measured by a pH meter
(Ohaus Bench-Top, Parsippany, NJ 07054 USA). The
biosorbent was mixed with distilled and deionized water at
aratio of 1:10 (w/w) and the mixture was agitated at a speed
of 200 r/min for 24 h at ambient temperature [16]. The mix-
ture was filtered with Whatman no. 40 filter paper and the
pH of the filtrate was measured. The pH values of the water
hyacinth root were found 4.0.

The biosorbent’s point of zero charge is a valuable param-
eter for figuring out how well metal ions adhere to surfaces.
Point of zero charge (pH,,.) on the surfaces of water hya-
cinth roots was determined by using the instrument, Anton
Paar (Model-Litesizer 500, Austria), in the pH range from
1.0 to 5.0 following the established procedure [49, 50]. The
results of point zero charge analysis are shown in Fig. 2.

<S55 s s

Zeta Potential (mV)

-15 4

Fig.2 Zeta potential of water hyacinth root powder

Ten milliliters of the resultant filtrate was transferred
into another small glass container and 0.1 M HCI was
added into the filtrate and the pH of the solution of filtrate
was adjusted to 1 with acid. The mixture was settled to
reach to the equilibrium point. The pH was determined
in the resultant solution by using a pH meter. Similarly,
four different individual solutions of the filtrate were pre-
pared by adding 0.1 M HCI or NaOH solution and the
pH of the resulting filtrate solutions with acid or alkali
were adjusted at 2, 3, 4, and 5 respectively. A syringe
was used to inject each of the corresponding filtrate solu-
tions separately into the sample cell. The zeta potential
was then measured accordingly, and a curve was found
from the plot of zeta potential versus pH which showed
the change of zeta potential with the variation of pH. The
pH at the zeta potential of zero was determined from the
curve which corresponds to the expected pH where the
point of zero charge was found on the biosorbent. Thus,
the point of zero charge was attained by plotting mean zeta
potential values (mV) measured from within the pH 0 to
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pH 5 versus initial pH (pHi). At pH 1.6, the biosorbent’s
surface charge density (pH,,.) was found to be zero. At
this point, the ratio of positively and negatively charged
sites was balanced. The biosorbent surface will display
negative charge at the magnitudes of pH higher than
pH,,., and in that case, positively charged species will
preferably be adsorbed onto the surfaces of biosorbent.
On the other hand, the surface of the biosorbent will be
endowed with positive charge at the extents of pH lower
than pH,,, favoring the adsorption of contaminants which
are negatively charged. A similar agreement was found in
the FT-IR absorption spectra of the water hyacinth root. As
a result, the roots of the water hyacinth efficiently work as
an ideal potential solid biosorbent for removal of trivalent
chromium ions through the biosorption process [50].

250

200+

150+

Intensity(counts)
S
)

2-theta(degree)

Fig.3 X-ray pattern of water hyacinth before (S-1) and after (S-2) the
biosorption

X-Ray Diffraction Analysis

To comprehend the structural alterations in the water hya-
cinth roots’ surfaces before and after the biosorption tests,
X-ray diffraction analysis was done. Figure 2 shows the
characteristic structural features in the surfaces of the water
hyacinth biosorbent before and after the conduction of chro-
mium extraction studies. The pattern of the appearances of
characteristic signals was observed to be similar in both the
biosorbent samples obtained before and after the biosorp-
tion experiments. However, most of the peaks were found
to be shifted slightly to the lower 8 values with significantly
decrease in intensity which might be due to the attachment
of chromium species on the surfaces of water hyacinth roots
(Fig. 3: S-2).

Raw tannery effluent samples were taken directly
from point sources and carefully evaluated in the current
investigation to determine the level of chromium present.
The pH of the wastewater sample was first examined; the
average pH value observed was 3.2; this pH was used for
all studies. Chromium contents in the initial raw tannery
effluents as well as in diluted tannery wastewater sam-
ples were determined by using atomic absorption spec-
troscopic method. The results revealed that both types
of tannery effluent samples contained extremely high
levels of chromium (Table 1). Chromium extraction and
removal study in the tannery wastewater samples were
carried out by the biosorption method using a series of
batch experiments with varied quantities of dried crushed
finely divided homogenized water hyacinth roots. Estima-
tion of the extents of chromium elimination from raw and
diluted tannery effluent has been accomplished through
the precise determination of chromium concentrations in
the respective wastewater samples before and after the
adsorption processes during the batch experiments. The

Table 1 Removal of toxic

. Biosorption batch
chromium from raw and

Amounts of

Initial Cr conc. (C;) Residual Cr conc. Removal of

diluted tannery effluents by the experiments biosorbent (g) (mg/L) (Cy) (mg/L) chromium (%)
biosorption technology with the *Batch A 5 4633 4226.3 878
0
potential biosorbent into 20 4633 3387.0 26.89
500 mL of wastewater samples 50 4633 1262.2 72.76
**Batch B 5 463.3 49.5 89.32
10 463.3 36.6 92.10
20 463.3 19.5 95.79
***Batch C 5 500 59.4 88.12
5 300 17.4 94.20
5 100 4.5 95.50

“Batch A—different amounts of biosorbent were added into tannery raw wastewater

“*Batch B—different amounts of biosorbent were added into ten-fold diluted wastewater

““Batch C—S5 g of biosorbent was added into more different diluted wastewater samples
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optimum chromium removal efficiency of the dried finely
divided crushed roots of water hyacinth in tannery waste-
water was finally investigated. The biosorption studies
were performed in three sets of batch experiments such as
batch A, batch B, and batch C. In batch A, all biosorption
experiments were conducted with raw tannery wastewa-
ter by varying the quantities of water hyacinth roots from
5 to 50 g (Table 1). Diluted tannery wastewater samples
were treated with the water hyacinth roots in batch B using
the similar quantities of the adsorbent materials for the
effective deduction of chromium species (Table 1). The
amount of biosorbent material remained the same in all
sorption experiments in batch C which was 5 g. However,
all biosorption experiments in batches A, B, and C were
carried out with the same quantity of chromium-contam-
inated raw tannery wastewater and diluted tannery waste-
water (Table 1). The purpose of using the same quantity
of tannery wastewater in all biosorption experiments was
to examine and contrast the application of various masses
of the biosorbent material with the effectiveness of water
hyacinth roots in removing chromium.

UV-Visible Spectrometric Analysis

UV-visible spectrophotometric analysis in raw and diluted
tannery effluents showed the characteristic absorbance peaks
for chromium species within the range of 496 to 657 nm.
Figures 4 and 5 display the UV—Vis spectra of raw and dilute
tannery effluents before and after the biosorption experi-
ments with various quantities of the respective biosorbent
material—water hyacinth roots. UV-visible spectrophoto-
metric method is one of the standard techniques which has
been used in different wastewater treatment technologies to
evaluate the progress of industrial wastewater treatment pro-
cesses [51]. In the raw tannery wastewater without any treat-
ment with water hyacinth roots, the maximum absorption
peak was appeared at 574 nm (4,,,,) and the corresponding
absorbance was found 3.4. With the application of differ-
ent quantities of the water hyacinth roots such as 5, 10, 20,
and 50 g into 500 mL of raw tannery wastewater sample
separately, the UV-Vis absorbances were observed to be
decreased to 3.0, 2.8, 2.6, and 1.5 respectively at 574 nm
(Fig. 4). It is highly apparent that the raw tannery wastewater

Fig.4 UV-visible spectra of
raw tannery wastewater samples — s:x ::::zz W:::zx:g 50 ads
R R 3 —_— Wi g ;
before and after biosorption - Raw tannery wastewater, 10g ads.
- Raw tannery wastewater, 20g ads.
- Raw tannery wastewater, 50g ads.
3]
g 2
L]
9]
wn
=}
<
1
0 1 1 s e ——
600 700 800
Wavelength (nm)
Fig.5 UV-visible spectra of 0.4
dilute tannery wastewater sam- — Diluted tannery wastewater
ples before and after biosorption — Diluted tannery wastewater, 5g ads.
- Diluted tannery wastewater, 10g ads.
03 - — Diluted tannery wastewater, 15g ads.

Absorbance
o
(3%

0.1 |

0.0

1 1

500 600 700 800

Wavelength (nm)
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is extremely contaminated with very concentration of toxic
chromium (Table 1). However, the results from UV-Vis
study clearly demonstrate that after the biosorption experi-
ments with varied quantities of water hyacinth roots, the
concentration of chromium species in tannery wastewater
has been decreased significantly which is evidenced from the
reduction of the absorbance values from 3.4 to 1.5 (Table 1).
This is also confirmed by the sharp decrease in the intensities
of the characteristic peak for chromium in the UV—Vis spec-
tra obtained from the raw tannery wastewater and the treated
wastewater samples after the biosorption studies (Figs. 4 and
5). Chromium contents have been observed to be decreased
significantly in the treated diluted tannery wastewater when
the masses of the biosorbent have been increased from 5 to
20 g (Table 1, Fig. 5). Similar results were obtained from a
UV-Vis spectrophotometric analysis of raw tannery effluent
samples before and after treatment with different concentra-
tions of water hyacinth roots, as shown in the corresponding
spectra (Fig. 4). Due to the increase in adsorbent doses, more
surface area can be exposed in which there are an increasing
number of readily available binding sites for the biosorption
process that results the potential rise in the percent removal
of the metal ion. On the other hand, biosorption capacity in
mg/g can be decreased as biosorbent doses are increased.
Biosorbent doses also affect the removal efficiency at differ-
ent contact times. For all contact times, higher biosorption
was found at 20 g/L, but in this case, the percent removal of
chromium was varied depending on the contact times. With
increasing in the biosorbent masses, the chromium absorb-
ance in dilute tannery effluents at 574 nm was observed to
be reduced from 0.3 to 0.07 (Fig. 5).

To optimize the maximum chromium removal capacity of
finely crushed water hyacinth roots as a potential biosorbent,
5 g of water hyacinth roots was applied into 500, 300, and
100 ppm chromium solutions separately. Each mixture was
stirred and shaken for 3 h. The mixture of the biosorbent and

chromium solution was then filtered, and the filtrate was run
into the UV spectrophotometer. The UV—Vis spectrum from
the filtrates certainly indicates that chromium absorbance is
being decreased when the dilution in tannery wastewater is
increased and finally the chromium absorbance is found to
be almost zero in the case of more diluted (100 ppm) waste-
water solution (Fig. 6).

Assessment of Chromium Concentrations in Raw
Tannery Wastewater and in Filtrates by AAS

The mass of biosorbent is a major parameter in the
biosorption experiments to effectively remove chromium
species from tannery wastewater. Atomic absorption
spectrophotometric analysis on tannery effluents before
and after the biosorption studies has provided significant
information on how the different quantities of water hya-
cinth roots as a biosorbent have significantly impacted the
chromium extraction and removal from different tannery
effluents following the respective mass transfer kinetics.
From the AAS study, the initial total chromium concen-
tration in raw tannery effluent was found 4633 mg/L, and
in diluted tannery wastewater, the initial total chromium
contents were 500, 463.3, 300, and 100 mg/L (Table 1).
Five hundred milliliters of raw tannery effluent contain-
ing 4633 mg/L of chromium concentration was treated
separately with 5, 10, 20, and 50 g water hyacinth roots
for the biosorption tests, and the resulting residual chro-
mium concentrations were measured as 4226.3, 4083,
3387, and 1262.2 mg/L, respectively (Table 1). Treat-
ment of 500 mL of ten times diluted tannery wastewater
sample with similar masses of the biosorbent such as 5,
10, and 20 g separately resulted in a dramatic decrease in
chromium concentrations from 463.3 to 49.5 mg/L and
36.6 and 19.5 mg/L respectively which is truly signifi-
cant with regard to the efficiency of water hyacinth roots

Fig.6 UV-Vis spectra of chro- 2.0
mium, 100 ppm with 5 g water
hyacinth
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for effective deduction of chromium from tannery waste-
water systems. These results also indicate the excellent
chromium reducing capacity of water hyacinth roots as
evidenced by 95.79% removal of chromium from tannery
wastewater samples (Table 1). Application of relatively
lower quantity of the biosorbent such as 5 g in the sorp-
tion experiment in batch C with diluted tannery wastewa-
ter samples also showed the reduction of toxic chromium
from 88.13 to 95.4% (Table 1) which is quite impressive
and represents the remarkable performance of water hya-
cinth roots as a potential biosorbent for effective extrac-
tion and elimination of chromium from tannery effluents.
The results of all biosorption experiments with initial and
remaining concentrations of chromium in tannery waste-
water samples as well as the respective percentage of chro-
mium removal have been illustrated Table 1.

From Table 1, it is highly apparent that when the
extents of the biosorbent material are being increased,
the extraction and removal of chromium from tannery
effluents are enhanced dramatically through the biosorp-
tion processes. Figures 4, 5, and 6 also illustrated that
the toxic chromium contents in raw and dilute tannery
wastewater samples are significantly reduced as the
mass of the respective biosorbent material increases. In
the case of raw tannery effluent, the removal of chro-
mium was found to be increased from 8.78 to 72.76%
when the quantity of biosorbent material was improved
from 5 to 50 g (Table 1). However, the percent chromium
removal from diluted tannery wastewater was found very
higher 89.32% even with the application of only 5 g of
the adsorbent material and chromium removal efficiency
was changed from 89.32 to 95.79% when the amount of
water hyacinth roots was changed from 5 to 20 g dur-
ing the biosorption processes. The increase in chromium
removal through the biosorption process followed by the
elevated quantities of water hyacinth roots might be due
to the abundance of biosorbent particles with the potential
active sites which provided additional surface areas for
chromium binding. The increase in surface area effec-
tively exposes more available additional binding sites for

the potential biosorption of chromium which resulted in a
higher percentage of chromium removal. The results from
the present study revealed that 95% of chromium could be
extracted and removed from diluted tannery wastewater
by the application of appropriate quantities of water hya-
cinth roots. Chromium removal capacity of this biosorb-
ent material can be varied based on the applications of
different quantities of water hyacinth roots (Table 1). Pre-
vious studies reported in literatures showed the similar
results regarding the impact of adsorbent dosages on the
efficacy of Cr biosorption [30, 48].

Potential binding of chromium with the active sites on
surfaces of finely crushed powdered water hyacinth roots
might have occurred through the biosorption processes.
The electrostatic interactions between the positively
charged chromium species and the accessible negatively
charged functional groups on the surfaces of the adsorbent
material, as well as the hydrogen bonding contact, may
lead to these biosorption interactions [52]. In the chromium
removal process, in some cases, chemisorption process
might also probably be involved. The presence of C=C
bond in the structure of water hyacinth roots was revealed
by the FT-IR spectrum of the biomaterial. This suggests
that an electrostatic force of attraction between the delocal-
ized pi electrons in aromatic ring moiety available in water
hyacinth roots and the positively charged chromium ion
might possibly be occurred. Nucleophilic substitution of
O-H group in water hyacinth roots might be possible with
Cr’* species as well as a strong force of attraction could
exist between the negatively polar parts of chemical species
available in water hyacinth roots and the positively charged
chromium ions. The delocalized pi electrons in aromatic
ring moiety in water hyacinth roots could work as a Lewis
base to coordinate with the chromium ion by sharing the pi
electron densities with the empty d orbitals of chromium
ion. The adsorption of Cr** ions on the surfaces of biosorb-
ent materials with the presence of various polar functional
groups, such as -OH and -COOH, was also supported by
earlier literature investigations [53].

Proposed Mechanism of Biosorption

Crl-

O (o}

[l Il
-C-. -OH. -C-OH
of Water Hyacinth

e Nucleophilic substitution
Force of attraction between opposite charges
Van der Waals forces

e Dipole-dipole interaction
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Fig. 7 Effect of the amounts of water hyacinth on chromium biosorp-
tion efficiency in raw tannery effluent
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Fig.8 Effect of the quantities of water hyacinth on chromium
biosorption efficiency in dilute tannery

Effect of the Biosorbent Masses on the Chromium
Removal Efficiency

Application of different masses of water hyacinth roots in
the biosorption processes showed tremendous impacts on
the extraction and removal of chromium from both raw and
diluted tannery effluents and the results have been illus-
trated in Figs. 7 and 8. The percent removal of chromium
was 8.78, 11.87, 26.89, and 72.76 from each 500 mL of
raw tannery wastewater samples with the application of
5, 10, 20, and 50 g of the water hyacinth roots respec-
tively. After ten-fold dilution of the respective raw tannery
wastewater samples, the percent chromium removal was
found as 89.32, 92.10, and 95.79 with the addition of 5,
10, and 20 g of the biosorbent, respectively. As the quan-
tities of the biosorbent are being increased, the removal
percentage of chromium by finely crushed water hyacinth
roots found to be improved dramatically reaching 72.76%

@ Springer

biosorption of chromium from the raw tannery wastewa-
ter and 95.78% in dilute tannery wastewater. Water hya-
cinth roots showed excellent chromium removal capacity
in dilute tannery wastewater solution, 89.32 to 95.79%,
whereas in the case of raw tannery effluents, the removal
of chromium was varied from 8.78 to 72.76%. Larger
quantities of the biosorbent provide relatively more sur-
face area for the extraction of metal ion since there are
more spaces readily available for the attachment of metal
ion to the biosorbent. Generally, the sorption capacity of
a suitable material depends on the pH, contact time, tem-
perature, and biosorbent doses. At room temperature, pH
of tannery chrome wastewater was 3.2 and the maximum
chromium removal efficiency was found 95.79%. pH is
one of the significant factors in the biosorption studies. At
pH 3, the optimum chromium biosorption was realized as
57.71 mg/g was and there was a declining trend of metal
biosorption at about pH 5 due to the decrease in protona-
tion of the binding sites resulting in the reduction of metal
biosorption [54].

The chromium removal capacity of water hyacinth roots
was quite remarkable to effectively extract toxic chromium
species directly from raw tannery effluents, and the results
from the present investigation are highly comparable to the
data reported previously on chromium separation studies
from different sources [55-57]. A study showed that by
employing dried and grounded roots of water hyacinth, 85%
of Cr®* species could be removed from synthetic chromium
solutions [55]. In a different study, Agave Lechuguilla bio-
mass was used as a biosorbent to extract chromium from
aqueous solution with a maximum effectiveness of 94% [54].
Only 1 g of dried water hyacinth leaves could effectively
remove 46% of chromium from 50 mL of 1000 ppm chro-
mium solution [57]. The present research’s findings dem-
onstrated the excellent efficacy of water hyacinth roots as a
potential biosorbent to effectively remove toxic chromium
up to 95.79% and have opened up an intriguing possibility
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Fig.9 Linearized Langmuir adsorption isotherm
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Table 2 Langmuir isotherm

Heavy metal
constants

Intercept

Slope Ginax (ME/2) K, R, R?

Cr 0.01418

0.40551 70.52186 0.03497 0.05410 0.99618

for using water hyacinth for the extraction and removal of
chromium species directly from tannery effluents.

Langmuir Adsorption Isotherm

The Langmuir equation is constructed under the assumptions
that there is no biosorbate transmigration in the plane of the
surface, the energy of biosorption is constant, and the maxi-
mum biosorption corresponds to a saturated monolayer of
sorbate molecules on the biosorbent surface [58]. A plot of
1/q, versus 1/C, has been drawn (Fig. 9) using the Langmuir
model as depicted in Eq. 3:

1 1 1 1

+

qe B KL('Imax . Ce

qmax (3)
where C, stands for the equilibrium concentration (mg/L);
q. 1s the equilibrium biosorbate concentration in solution;
Gmax 15 the maximum adsorption capacity (mg/g), which is
calculated from the slope; and K is the Langmuir constant
connected to the binding sites and determined from the
intercept.

The magnitudes of Langmuir parameters and correlation
coefficients R are summarized in Table 2. The biosorption
isotherms for Cr(III) removal were studied using the ini-
tial concentrations of metal ions at 100, 300, and 500 ppm
respectively with the biosorbent mass of 5 g. From the per-
spective of predicting whether the biosorption system is
“favorable” or “unfavorable,” the isotherm shape has been
determined. Hall et al. proposed a dimensionless separation
factor or equilibrium parameter, R;, as an essential feature
of the Langmuir isotherm to predict if a biosorption system
is “favorable” or “unfavorable, and it was deified by the fol-
lowing relationship [59]:

1
R =—7-——
T (1K) @
C, is often the maximum fluid-phase concentration found
in a single biosorption system. For chromium, the separation
factor (R, ) value from the current study is 0.05410, indicat-
ing that the isotherm’s form is good.

Freundlich Adsorption Isotherm

The exponential distribution of active sites and their ener-
gies, as well as surface heterogeneity, can be demonstrated
by the Freundlich sorption isotherm. The following equation

1.8

logg,

10F o

| | |
0.8 1.2 1.6

2.0
logC,

Fig. 10 Linearized Freundlich adsorption isotherm

Table 3 Freundlich adsorption isotherm constants

Heavy metal Intercept Slope 1/n K; R?

Cr 0.62964  0.59612 0.59612 4.26226 0.91347

illustrates the Freundlich model and a linear plot of log ¢,
versus log C, was found following Eq. 5 [60]:
logg, = logK; + %logCc 5)
where C, is the equilibrium concentration (mg/L), 1/n is the
adsorption intensity, and K; roughly represents an indica-
tor of the adsorption capacity (mg/g). The constants K; and
1/n are produced via the Freundlich formulation in a linear
form. A non-ideal adsorption on heterogeneous surfaces is
assumed by the Freundlich isotherm model, which implies
that stronger binding sites are occupied first, followed by
weaker binding sites. The plot of log ¢, vs log C, following
the Freundlich isotherm model is shown in Fig. 10.

The Freundlich parameters together with correlation
coefficients R are summarized in Table 3. The slope 1/n
was in the range of 0 to 1 which demonstrated the measure
of adsorption intensity or heterogeneity and the surfaces
of biosorbent became more heterogeneous as the slope
values turned in very close to zero. The magnitudes of 1/n
below 1 indicates a normal isotherm, while the value of
1/n above 1 is indicative of cooperative adsorption. The
magnitude of 1/n was found 0.59612 which was in between
0 and 1 indicating the water hyacinth root biosorbent was
highly favorable for biosorption of chromium ions under
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the conditions used in the present study. Freundlich con-
stant (K;) provides information on adsorption capacity of
a biosorbent. It also demonstrates the strength of the rela-
tionship between adsorbent and adsorbate. The magnitude
of K; obtained from water hyacinth roots for chromium
removal was 4.26226 which showed the strong favorability
for the biosorption process. The correlation coefficients
(R?) of Langmuir isotherm and Freundlich isotherm were
found 0.99618 and 0.91347 respectively. Thus, both iso-
therms could be potentially fitted with the results of chro-
mium biosorption process occurred on water hyacinth
roots, and chromium removal capacity of the biosorbent
was strongly supported by them. However, the appearance
of slightly higher magnitude of R* from Langmuir iso-
therm in comparison to the value obtained from the Fre-
undlich adsorption isotherm suggests that the biosorption
of chromium ions on the surfaces of water hyacinth roots is
likely to be more aligned with the Langmuir type isotherm.

Kinetic Investigation on the Adsorption
of Chromium by Water Hyacinth Roots

Kinetic study was accomplished by conducting a series of
experiments at different time intervals. It described the effects
of contact time of wastewater sample solutions with biosorb-
ent for the removal of chromium (III) ions. In this study, a
particular amount of biosorbent was added into a chromium
(IIT) solution with concentration of 500 ppm. The biosorption
experiments were carried out by properly shaking the mixture
of the biosorbent and chromium solution separately at differ-
ent time intervals such as 90, 120, 150, 180, 210, and 240 min
respectively. However, pH, biosorbent dose, and chromium ion
concentration (500 ppm) in the resulting mixtures remained
unchanged in each of the experiments. During all experiments,
the mixtures of biosorbent and chromium solution were main-
tained with a constant pH (3.2) and agitated at 150 rpm at
ambient temperature. Chromium concentrations were deter-
mined separately in the resulting mixtures after agitation for
90, 120, 150, 180, 210, and 240 min and the percentage of
chromium removal was obtained as 85.4, 89.7, 92.0, 94.5,

Fig. 11 Pseudo-first-order

95.4, and 95.4% respectively. The maximum percentage of
chromium removal was found at 210 min and this contact time
was considered standard for all the next consecutive experi-
ments. The experimental results showed that the agitation of
wastewater samples with water hyacinth root for 240 min did
not increase the percentage of chromium removal. No signifi-
cant differences in the removal of chromium was observed at
240-min contact time and more which revealed that all sur-
face area of biosorbent was saturated at 210-min contact time.
The rate, nature, and type of biosorption that occurred on the
surfaces of water hyacinth roots were investigated using the
pseudo-first-order and pseudo-second-order kinetic models
[61]. Equation 6 shown below is Lagergren’s 1898 formula-
tion of the pseudo-first-order kinetic model [62]:

d
% =k (g —a) 6)
where k, is the rate constant of pseudo-first-order kinetics
and ¢, and g, (mg/g) are the amounts of chromium adsorbed
per unit weight of the biosorbent at equilibrium with time ¢
(min), respectively. The experimental data are entered into
the pseudo-first-order kinetic model developed by Lager-
gren. The plot of In(g,-g,) vs. time in Fig. 11 illustrates the
pseudo-first-order kinetic model best fit with the biosorption
data.

The value of correlation coefficient, R%, of the pseudo-
first-order model is 0.96214 which is presented in Table 4.

The pseudo-second-order kinetic model can be expressed
by the following Eq. 7:

t t 1

—_ = — 4 7
% 4. K2 7

Table 4 Kinetic parameters for biosorption of Cr(IIl) ion on crushed
finely divided water hyacinth roots

Intercept Slope g, (mg/g) k; (min~!) R?
3.29775 —0.0239 27.0517 —4x10* 0.96214
Time(min)  In(ge-g)
90 0.973427

120 0.454255
150 0.00896

180 -0.97392
210 -1.89712

. . . 1.0 4
kinetic model with the incorpo- "
ration of chromium biosorption 0.5
data

0.0 4
-
7
= 051
=
71 .0 -
—1.54
—2.0 4
80 100
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Time(min) t/qt
90 4.214864
120 5.351171
150 6.521739
180 7.619886
210 8.805031

Fig. 12 Pseudo-second-order 10 4
kinetic model with the incorpo-
ration of chromium biosorption g
data
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4 4
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Table 5 Kinetic parameters obtained from the pseudo-second-order
kinetic model for the biosorption of Cr(IIl) ion on water hyacinth
roots

2

Intercept  Slope 4. q. k, R?

0.21027  0.04167 23.99808 575.90400 0.008258 0.99574

The rate constant, k,, and equilibrium biosorption capac-
ity were determined from the slope and intercept of the
graph. The chromium biosorption data were best fitted in
the pseudo-second-order kinetic model, and the plot of #/g,
versus ¢ was found to be straight line (Fig. 12). However, the
plot of #/g, versus ¢t obtained from the experimental results of
chromium biosorption on water hyacinth roots showed very
good agreement with the pseudo-second-order kinetics with
the interesting magnitude of R*. The correlation coefficients
(R?) from pseudo-second-order kinetic model were found
0.99574 in Table 5 which was very closer to unity in com-
parison to those obtained from the pseudo-first-order kinetic
model (0.96214) of chromium (III) ion extraction by water
hyacinth roots. Though the magnitudes of correlation coef-
ficients (R?) obtained from both kinetic models are closer to
each other, in the case of pseudo-second-order kinetic, the R?
value was much closer to 1 which indicated that the process
of chromium biosorption on the surfaces of water hyacinth
roots followed the pseudo-second-order kinetic.

Effect of Temperatures on the Extraction
of Chromium by Water Hyacinth Roots

Chromium adsorption capacity of water hyacinth roots
was examined at different temperatures to understand the
effect of heating on the potential ability of the adsorbent
to extract chromium from tannery waste at various condi-
tions. The adsorption experiments were carried out sepa-
rately at different temperatures such as 303, 313, 323, and

100 150 200 250

Time(min)

Table 6 Thermodynamic parameters for the adsorption of Cr(III) ion
on water hyacinth roots

Intercept R? AG(J/mol)  AH(KJ/mol) ASJ/K/mol)

—-1.21347 0.99091 -30,863.5 —30.8635 —100.888

333 K respectively for 210 min at a pH 3.2. The results
showed the decrease in adsorption efficiency of water
hyacinth roots from 95.6 to 88.2% with the increase in
temperatures from 303 to 333 K. Similar reduction (23.9
to 21.5 mg/g) in adsorption capacities of other biosorb-
ents with increasing in temperatures from 30 to 60 °C was
realized in some previous studies reported in literature
[63]. The successive decrease in chromium (III) uptake
on the surfaces of water hyacinth roots with rising in tem-
peratures might be due to the occurrence of desorption
caused by an increase in thermal energy available in the
system. The mass transfer kinetics between adsorbate and
adsorbent might also have played a significant role in the
adsorption processes occurred at higher temperatures [63].
The reduction in adsorption capacity of water hyacinth
roots with increasing in temperatures indicates that metal
adsorption process was exothermic in nature. The value of
correlation coefficient, R%, and other parameters are shown
in Table 6 and the plot of InK; vs 1/T is shown in Fig. 13.

Different thermodynamic parameters such as AG®,
AH°, and AS° were determined to investigate the nature
and efficiency of chromium biosorption process on the
surfaces of water hyacinth roots from tannery wastewater
streams. The results of thermodynamic analysis have been
presented in Table 7. The thermodynamic data showed
that the extents of AG® turned into more positive with
the increase in temperatures in the system. The negative
magnitudes of Gibbs free energy change (AG°) confirmed
the feasibility of the biosorption of Cr(III) ion on surfaces
of the biosorbent as well as it indicated that the chromium
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Fig. 13 Thermal effect on the 0.2+
extraction of chromium by

water hyacinth roots 0-01

_02 -
22 0.4
=

-0.6 1
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1.0 4

- /T InK¢
0.0033 0.082836
- 0.003195 -0.22633
0.003096 -0.63225
0.003003 -1.18044

0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330

Table 7 Effect of temperatures on Cr removal efficiency of water hya-
cinth roots at pH 3.2 and C;=500 ppm

Temp (K) C, (ppm) % of removal g, (mg/g) AG(J/mol)
303 22 95.6 23.90 —208.676
313 29.5 94.1 23.53 588.9656
323 43 91.4 22.85 1697.855
333 59 88.2 21.50 2797.472

removal process was spontaneous in nature whereas the
lower value of Gibbs free energy suggested that the method
was favorable at a lower temperature. The metal adsorp-
tion process on the surfaces of adsorbents also depends on
the magnitudes of AH® as positive or negative numbers.
The AH® value was found negative in the present study
which indicated that the adsorption process of chromium
ion onto the surface of water hyacinth was exothermic in
nature (Table 6). The magnitude of enthalpy change (AH®)
was found — 30.86 kJ mol~!, which indicated the presence
of strong electrostatic interactions between the Cr(III) ions
and available functional groups on the biosorbent surfaces.
The negative entropy change (AS®) suggested that adsorp-
tion process on the surfaces of water hyacinth roots was
highly favorable for the potential extraction and separation
of chromium from tannery wastewater bodies.

1/T

Comparison of Removal Percentage of Current
Study with Other Biosorbents

The significant findings of the present study on chromium
removal from tannery wastewater using water hyacinth roots
were highly comparable with the chromium separation data
reported previously in literatures from other research groups.
Table 8 shows the comparison of the results of maximum
percentage of chromium removal from tannery wastewater
by water hyacinth roots with the studies conducted previ-
ously by other natural and agricultural adsorbents. The
comparison studies showed that water hyacinth root could
remove much higher percentage of toxic chromium from
tannery wastewater and this naturally available plant root has
higher chromium removal capacity than other biosorbents
except the chemically modified synthetic sorbent materials.
Thus, water hyacinth roots can be utilized as an effective
low cost biosorbent to remove toxic chromium species from
tannery wastewater bodies.

Conclusion
The presence of high concentrations of non-biodegrad-

able chromium in tannery wastewater is a major envi-
ronmental concern nowadays. Herein, water hyacinth,

Table 8 Comparison of the
results of chromium removal

by water hyacinth roots with
the data reported in literatures
previously on the chromium
separation studies in by others
biosorbents

Biosorbent ITons % removal References
Water hyacinth roots Cr(IIT) 96% Current study
Raw Cr(IIT) 25 to 40%; [64]
Chemically modified sawdust and corn husk 77 t0 99%

Biocarbon obtained from corn waste Cr(I1I) 97% [65]
Chitosan-cellulose composite Cr(I1I) 57% [66]

Chitosan flakes Cr(I1I) 76% [67]

Peel of Artocarpus nobilis fruits (chem. modified) Cr(I1I) 80-95% [68]
Thespesia populnea Cr(IIT) 86% [69]

Mango and jackfruit seeds Cr(VD 94 [70]
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a common natural floating aquatic weed, was applied
as a cost-effective potential biosorbent to remove toxic
chromium species from raw tannery effluents as well as
from diluted tannery wastewater bodies. The samples
were treated with crushed, homogenized, and powdered
water hyacinth root in a series of batch experiments to
effectively remove chromium from tannery wastewater
through the biosorption mechanism. Water hyacinth root
showed excellent chromium removal capacities to extract
chromium species from tannery wastewater bodies. The
percent removal of chromium from tannery wastewater
was found to be dependent on the dosages of biosorb-
ent as well as the respective metal concentrations in the
samples. The maximum chromium removal efficiency was
96% in diluted tannery wastewater, whereas 73% chro-
mium was extracted directly from raw tannery effluent by
water hyacinth root powder which is truly significant con-
sidering the presence of very higher chromium contents in
tannery wastewater in Bangladesh. The biosorption data
were justified by Langmuir and Freundlich adsorption iso-
therms and the R? values were observed to be 0.99618 and
0.91347 respectively suggesting that the results of chro-
mium biosorption study were best fitted to the Langmuir
adsorption isotherm. Both pseudo-first-order and pseudo-
second-order kinetic models were employed to evaluate
the chromium biosorption kinetics and the results revealed
that the biosorption of chromium on the surfaces of water
hyacinth roots followed the pseudo-second-order kinet-
ics. No significant differences were observed between
the magnitudes of correlation coefficients (R*: 0.99574
and 0.96214) obtained from both kinetic models. How-
ever, the magnitude of R? 0.99574 was much closer to 1
which indicated that the chromium biosorption data were
ideally suited to the pseudo-second-order kinetic model.
Thermodynamic study with the measurements of AG®,
AH°, and AS° suggested the spontaneous nature of chro-
mium biosorption process on water hyacinth root powder
as evidenced from the negative magnitudes of AG° and
AS°. The appearance of negative enthalpy change (AH®)
indicated that chromium removal process was exothermic.
The traditional methods for removing toxic chromium spe-
cies from tannery effluents have many drawbacks such as
higher investment and operational costs to treat tannery
effluents which make them unsuitable and incompatible
to practical applications. This method of toxic chromium
removal directly from tannery effluents by water hyacinth
root powder was found very cost-effective and highly effi-
cient in terms of chromium extraction efficiency, energy
use, labor, and investment. Proper applications of water
hyacinth roots can potentially build up an effective alterna-
tive method of chromium removal from tannery wastewa-
ter streams in Bangladesh and other countries.
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