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a b s t r a c t
Hexavalent chromium [Cr (VI)] from anthropogenic sources leads to toxicity in aquatic system and 
hence require efforts to remove it from the aqueous phase. Among many techniques, adsorption 
is used for Cr (VI) removal from aqueous phase. In the present investigation, tea waste-polyvinyl 
alcohol (TW-PVA) composite was synthesized to eliminate Cr (VI) from aqueous solution. Batch 
experiments showed operating conditions (dose, initial concentration, duration, pH and tempera-
ture) play significant role in Cr (VI) removal efficiency. However, TW-PVA composite (removal 
94.22%) was found better in Cr (VI) removal efficiency compared with raw tea wastes (removal 
81.99%). The maximum Cr (VI) removal (96%) was attained at 0.25 g TW-PVA composite dose 
and adsorption capacity decreased with the increase of dosages. Moreover, removal of Cr (VI) by 
TW-PVA composite decreased by elevated pH and the maximum removal efficiency of chromium 
(VI) was 94.91% at pH 2. Furthermore, the removal efficiency dropped as initial Cr concentration 
was increased. The highest Cr (VI) sorption was found to be 4.711 mg/g at 20°C and the adsorption 
capacity decreased with increasing temperature at a constant pH. The adsorption process reached at 
equilibrium within the first 50 min. It also well fitted with both Freundlich and Langmuir isotherm 
models and the overall kinetic data can be satisfactorily explained by pseudo-second-order rate 
expression which together attributes the chemisorption mechanism. The FTIR analysis revealed that 
carboxylate anion, sulfonyl chloride, and sulfonate groups were mainly involved in binding process 
of Cr (VI) onto the TW-PVA composite.

Keywords:  Removal of chromium (VI); Modified natural adsorbent; Tea wastes-polyvinyl alcohol 
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1. Introduction

Chromium compounds have been reported to cause 
extensive industrial as well as environmental pollution 
problems because of their large-scale uses in industrial sec-
tors, such as leather tanning, water cooling, metal finishing, 

wood preservation and textile dyes [1–3]. The transitional 
metal chromium has a number of oxidation states rang-
ing from –2 to +6 but only trivalent [Cr (III)] and hexava-
lent [Cr (VI)] states are stable in natural environments. Cr 
(VI) is exceptionally soluble and bioavailable which results 
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enhanced active transport of Cr (VI) through the biological 
membranes and thus responsible for various toxic, muta-
genic and carcinogenic effects on living systems [4,5]. On the 
contrary, Cr (III) is less soluble and considered to be 1,000 
times less toxic than Cr (VI) [6]. In Bangladesh, the tannery 
industries are mainly responsible for both aquatic and ter-
restrial Cr (VI) contamination. At present there are totally 
250 tanneries in Bangladesh [7] and 95% of them are estab-
lished in Hazaribagh, a heavily populated suburban area of 
capital Dhaka city. This particular area is popularly known 
for its tannery industry and has been listed as the fifth most 
polluted places of the world [8]. 

Ninety percentages of tanneries in Bangladesh are involved 
in chrome tanning process which results in discharge of 
liquid effluents and solid wastes that contain 180 mg/L of 
total chromium and other trace elements such as Cd, Pd, 
Zn, Cu and Mn with a mean concentration of 1.94, 23.66, 
5.34, 1.88 and 9.71 mg/L, respectively [9–11]. Thus, the treat-
ment of chromium containing tannery effluents and soil 
is a matter of great concern for Bangladesh. The removal/
remediation of toxic metal ions such as Cr (VI) from the con-
taminated environments includes ion exchange [12], pre-
cipitation [13,14], ultrafiltration [13], reverse osmosis and 
electro- dialysis [15,16], adsorption [17], biological operations 
[18], coagulation/flocculation [19] and cementation [20]. 
However, almost all these methods have many drawbacks 
which include insufficient metal removal, huge capital and 
operational investments, necessities of expensive and sophis-
ticated equipment, intensive reagents and energy needs and 
production of harmful secondary sludge [21]. 

On the contrary, adsorption is considered as one of the 
most popular technique for the removal of heavy metals 
from the wastewater because of its ability to eliminate chem-
ical sludge production, complexities of operational tasks and 
its very high removal efficiency [22–26]. Activated carbons 
are considered as one the most efficient contender for the 
removal of heavy metals owing to have some special char-
acteristics that significantly increase the use of activated 
carbons for the removal of environmental contaminants 
including heavy metals from drinking water supplies and 
wastewater [23,27,28]. Many scientific investigations have 
exploited diverse types of activated carbons to uptake Cr (VI) 
by adsorption such as coconut shell activated carbon [29], 
wood and dust coal activated carbons [30], hazelnut activated 
carbon [31], sawdust and used-tyre activated carbon [32], etc. 
Nano-sized super adsorbing materials known as hydrogels/
nano-hydrogels have made the adsorption of heavy metals 
from aqueous medium more interesting. Nano-hydrogels 
have very small size and three-dimensional structures which 
can be used in various applications such as drug delivery, 
water purification, adsorption, electrode making, etc. Several 
authors researched on heavy metals and dyes removal by 
hydrogels/nano-hydrogels [33,34], different biopolymers 
[35,36] and multifunctional nano-composite [37]. 

Lignocellulose agricultural wastes have earned great sci-
entific attention for wastewater treatment because of their 
abundance, renewable characteristics and easy accessibility 
throughout the world especially in the developing countries. 
Moreover, these compounds are biodegradable, thermally 
recyclable and have substantial stiffness and significant 
mechanical characteristics. These biomaterials hold various 

functional groups on their surfaces which provide strong 
affinity to bind heavy metal ions in wastewater [38].

Many agricultural residues/wastes had been used 
directly as biosorbents for the adsorption of trace metals 
from wastewater system which included soybean hull [39], 
olive cake [40], wheat straw [41], maize cob [42], rice husk 
[43], barley straw [44], bagasse pith [45], coconut husk [46], 
cocoa shells [47], tea leaves [48], orange peel and banana 
peel [49], peanut shell [50], etc. It has been concluded from 
recent investigations that tea wastes have great poten-
tial of removing heavy metals from wastewater in a cost 
effective and environmentally sustainable manner [51]. 
Bangladesh is a huge producer and consumer of tea where 
almost 50,000 tons of tea are produced yearly and 80% of 
which are consumed locally and eventually discarded into 
the natural environment as wastes [52]. The insoluble cell 
walls of tea are basically composed of cellulose, hemicel-
luloses, lignin, condensed tannins and structural proteins. 
An estimation by Cay et al. [53] showed that one third of 
the total dry matter in tea leaves have immense potential 
to remove metals from solutions as it contains functional 
groups primarily carboxylate, aromatic carboxylate, phe-
nolic hydroxyl, and oxyl groups. Polyvinyl alcohol (PVA) 
is an environmental friendly, water soluble and synthetic 
polymer which is composed of numerous hydroxide groups 
and has been used in biomedical solicitations because of its 
biocompatible and nontoxic nature [54]. Moreover, PVA is 
a biodegradable polymer which has reported to provide 
good mechanical strength, chemical stability, and easy 
separation when it forms composite bead with tea wastes. 
Furthermore, cross-linking PVA beads has been widely 
used to develop bioadsorbents, which has better mechanical 
strength and regeneration capacities compared with cellu-
lose beads [55–58].

Economical preparation procedures of macroporus PVA  
has been developed by Bai et al. [59]. Several researchers 
investigated the removal of Cr (VI) from wastewater by 
bioadsorbents made from tea-leaves wastes [60–62]. The 
low mechanical strength and powder shape or deficiency 
of desorption data make these sorbents unsuitable for prac-
tical use in real wastewater systems [63]. Removal of Pb+2, 
Hg+2, and Cu+2 using tea waste (TW) encapsulated by PVA 
(PVA/TW) were investigated by Zhang et al. [63]. In the 
present study, tea wastes-poly vinyl alcohol (TW-PVA) com-
posite beads were used as modified natural biosorbent for 
the removal of Cr (VI) from aqueous medium. In order to 
characterize the key biomass functional groups responsible 
for the biosorption process, FT-IR spectrometric analysis was 
performed on raw tea wastes and tea wastes-PVA compos-
ites. Moreover, different process parameters were optimized 
to improve the biosorption process and the adsorption iso-
therms and kinetic models have also been designed from the 
equilibrium data to measure the ability of the biosorbent to 
remove Cr (VI) from aqueous solution. 

2. Materials and methods

2.1. Reagents and chemicals

All the reagents and chemicals used in the present study 
were of analytical grade (AR). K2Cr2O7 (CAS No. 7778-50-9), 
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poly vinyl alcohol (PVA) (C2H4Ox) (CAS NO. 9002-89-5), 
sodium alginate (C6H7O8Na) (CAS NO. 9005-38-3), calcium 
carbonate (CaCO3) (CAS NO. 471-34-1), boric acid (CAS 
NO. 10043-35-3), HCl (CAS NO. 7647-01-0), KBr (FT-IR 
grade, ≥99% trace metals basis, CAS NO. 7758-02-3) and 
1,5-diphenylcarbazide (CAS NO. 140-22-7) were purchased 
from Sigma-Aldrich, Germany.

2.2. Collection and preparation of tea-leaves wastes

The tea-leaves wastes collected from local tea stalls 
were washed thoroughly with tap water three times and 
boiled at 80°C in order to remove the colored compounds. 
The tea wastes were then dried at 50°C in an oven for 24 h 
which were then crumpled and sieved with vibratory sieves. 
The particle size of the grounded tea wastes powder was less 
than 1 mm. 

2.3. Preparation of stock solution of Cr (VI)

Stock solution of Cr (VI) was prepared by standard pro-
cedures [64]. The stock solution containing 1,000 mg/L of Cr 
(VI) was prepared by dissolving 1.41 mg of K2Cr2O7 in 500 mL 
of deionized water. This stock solution was used for analysis 
and further investigations. 

2.4. Preparation of working solution of Cr (VI)

The working solution was prepared by diluting (serial 
dilution) the stock solution in accurate proportion to differ-
ent initial concentration. 250, 200, 100, 50, and 10 mg/L work-
ing solutions were prepared for these experiments by using 
the following formula. 

V S V S1 1 2 2× = ×  (1)

Here V1 = required volume of stock solution; S1 = concen-
tration of stock solution; V2 = intended volume; S2 = required 
concentration.

In order to prepare 100 mL of 10, 20, 50, 100, 200 and 
250 mg/L working solutions, 1, 5, 10, 20 and 25 mL of stock 
solutions were added, respectively, in solutions with desired 
pH (2–9) with deionized water to achieve desired concen-
trations. All the chemicals and reagents used in this study 
were of analytical grade. 

2.5. Preparation of tea wastes-poly vinyl 
alcohol (TW-PVA) composite

The tea-wastes-poly vinyl alcohol composite was pre-
pared by the slightly modified procedures described by 
Zhang et al. [63]. For the preparation of TW-PVA composite 
beads, quantitative PVA (8% w/w), C6H7O8Na (1% w/w) and 
CaCO3 (0.3% w/w) were dissolved in deionized water in a 
water bath for 1 h. Sodium alginate, a polysaccharide-based 
biosorbent, highly viscous and is often used as an emulsifier 
and a gelling agent. Gels form when a calcium salt is added 
to a solution of sodium alginate in water. The gel forms by 
chemical reaction, the calcium displaces the sodium from 
the alginate, holds the long alginate molecules together and 
a gel is the result. In the process of adsorption, the heavy 
metal ions appear to exchange with calcium ions to form a 
metal alginate [65]. The PVA solution (8% w/w) mixed with 
TW powders as a ratio of 1:1. The resulting mixture extruded 
into a gently stirred saturated 3% boric acid solution by an 
injector and immersed for 24 h to form beads. 10 mL HCl 
solution was added into 500 mL water loaded with cleaned 
beads. The PVA/TW beads became porous after the reaction 
of HCl with CaCO3. The porous beads were washed with 
deionized water to remove residual reagents. The beads were 
then oven dried and cooled in a desiccator. Fig. 1 shows the 
tea wastes powders and TW-PVA composite beads.

2.6. Characterization of functional groups present in the 
biosorbents

A Fourier transform infrared spectrophotometer (FTIR) 
(Model: IR Prestige–21, Shimadzu, Japan) was used to 

a) b) 

Fig. 1. (a) Raw tea wastes powders and (b) TW-PVA composite beads.
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investigate the changes in vibrational frequencies of func-
tional groups of the adsorbents due to Cr (VI) adsorption. 
The samples were dried appropriately in an oven. Then each 
fresh and Cr (VI)-loaded adsorbent was mixed separately 
with spectroscopic graded KBr and pellets were prepared at 
a pressure of about 1 MPa. The pellets were 10 mm in thick-
ness. Then the adsorbents were scanned in the spectral range 
of 5,000–240 cm−1. 

2.7. Batch adsorption experiments

Adsorption experiments were carried out using batch 
equilibrium technique [66–68] in aqueous solutions at pH 
2–9 and at desired temperatures (20°C–50°C). In general, a 
known amount of TW-PVA beads with 100 mL aqueous solu-
tion of Cr (VI) of the desired concentration (10, 50, 100, 200 
and 250 mg/L) was taken and shaken in a rotary shaker with 
250 rpm for a specific time period. The pH of the solution was 
carefully checked with a pH meter (Model HM-25R, DKK-
TOA Corporation, Japan) and adjusted with NaOH or HCl 
solution. Apart from some specific situations, the adsorbent 
dosage was 1 g, the adsorbate dosage was 50 mg/L with pH 
of 2.0, the sample volume was 100 mL with shaking time of 
120 min to reach complete equilibrium. At the time inter-
val of 30, 60, 90, 120, 150, 180, 210, 240, 270 and 300 min, the 
supernatants were collected and centrifuged at 6,000 rpm for 
10 min to eliminate the adsorbents from the collected super-
natants. The supernatants were filtered using Whatman No. 
41 (0.45 μm pore size) filter paper. The filtrated solution was 
then diluted to 10-fold with deionized water. The concen-
trations of Cr (VI) in the solution were then estimated col-
orimetrically with a UV-visible spectrophotometer (U-2910, 
HITACHI, USA) by 1,5-diphenylcarbazide method as 
described by Ilias et al. [7], using a standard curve of K2Cr2O7.

2.8. Efficiency analysis

The removal percentages of chromium (VI) were 
calculated as follows:

% removal of Cr VI initial final
initial

( ) ( )×= −C C
C
100  (2)

The amount of Cr (VI) adsorbed per unit mass of the 
adsorbents was calculated as follows:

q C C V
m

= −( )×0
 (3)

Here q (mg/g) is the total adsorbed amount in time 
t (h); C0 and C are the initial and equilibrium concentrations 
(mg/L) of metal ion in the solution; V is the volume of the 
solution and W is the weight (g) of the adsorbent.

2.9. Comparative study of Cr (VI) removal on TW and 
TW-PVA composite

A comparative study of Cr (VI) removal from the 
solution on TW and TW-PVA composite was conducted. 
It was performed by adding 1 g of both adsorbents into 

250 mL glass stoppered conical flasks containing 100 mL of 
50 mg/L Cr (VI) solution. The flasks were placed on a rotary 
shaker at 120 rpm for 120 min. The obtained supernatants 
were filtered and analyzed for remaining Cr (VI) concentra-
tion by 1,5-diphneylcarbazide (DPC) method as described in 
Section 2.10. 

2.10. Influences of process parameters on Cr (VI) removal by 
TW-PVA composite

2.10.1. Effects of adsorbent doses

In order to investigate the effects of adsorbent doses on 
Cr (VI) removal by TW-PVA composite, 100 mL of 50 mg/L 
Cr (VI) solution with 0.25, 0.50, 0.75, 1.0 and 1.25 TW-PVA 
composites were placed in five individual 200 mL coni-
cal flasks into a shaker at room temperature and 120 rpm. 
After 120 min, supernatants were collected and filtered and 
residual Cr (VI) were analyzed by 1,5-diphenylcarbazide 
(DPC) method as described in Section 2.10. 

2.10.2. Effects of initial Cr (VI) concentration

100 mL of 10, 50, 10, 200 and 250 mg/L initial concentra-
tions in 250 mL individual Erlenmeyer flask with 1 g TW-PVA 
composite each were placed into a shaker. After 150 min 
supernatant was filtered and analyzed for residual Cr (VI). 

2.10.3. Effects of contact time

100 mL of 50 mg/L Cr (VI) solution with 1 g TW-PVA com-
posite in 250 mL conical flask was placed in a rotary shaker 
with a time interval of 30, 60, 90, 120, 150, 180, 210, 240, 270 
and 300 min, and the supernatants were filtered for remain-
ing Cr (VI) analysis. 

2.10.4. Effects of pH

In order to investigate the effects of pH on Cr (VI) removal 
by TW-PVA composite, experiments were conducted in dif-
ferent pH, ranged from 2 to 9 at an initial Cr (VI) concentra-
tion of 50 mg/L with time interval of 150 min. The pH was 
adjusted by adding 0.1 M HCl or 0.1 M NaOH solution.

2.11. Determination of Cr (VI)

The concentration of hexavalent chromium Cr (VI) was 
estimated colorimetrically with a UV-visible spectrophotom-
eter (U-2910, HITACHI, USA) by following the 1,5-diphenyl-
carbazide (DPC) method as described by Ilias et al. [7]. 
The supernatant was collected from each flask into small vial 
by using micro pipette and filtrated. The filtered superna-
tant (3 mL) was transferred in the test tubes where 375 μL 
of DPC (diphenylcarbazide) reagent was added followed by 
gentle mixing and kept at room temperature for 20 min in 
order to develop the red-violet color of DPC-Cr (VI) com-
plex. The concentration of Cr (VI) in the samples was then 
estimated by the using the K2Cr2O7 standard curve. 

2.12. Statistical analysis

Each experiment was performed at least three times, 
and mean ± standard deviation (SD) was used for data 
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interpretation. All statistical analysis was performed by 
using Graphpad Prism (Version 7) Software Inc. CA, USA 
and Microsoft Excel 2007 (version Office Xp). The correla-
tion coefficient (R2) values of the linear form of Langmuir 
isotherm, Freundlich isotherm and pseudo-second-order 
kinetic model were determined by using statistical functions 
of Microsoft Excel 2007.

3. Results and discussion

3.1. Fourier transform infrared analysis

A detailed Fourier transform infrared (FTIR) spectra 
study of raw adsorbents and Cr (VI)-loaded adsorbents was 
carried out to identify the different functional groups which 
were responsible for the adsorption process. The spectra were 
measured within the range of 500–4,000 cm−1 wave number 
and were plotted using the same scale on the transmittance 
axis. The spectra shown in Fig. 2 and Table 1 display a num-
ber of absorption peaks corresponding to different functional 
groups indicating its complex nature with affinity towards 
chromium species. 

As depicted in Fig. 2 and Table 1, comparing TW-PVA 
composite with tea waste, there were remarkable changes in 

peak wave numbers. Surface O–H stretching, aliphatic C–H 
stretching, unsaturated group such as alkene, amide C–O 
stretching, amide C–NO2 stretching, alkane group stretch-
ing all were found to have shifting of wave numbers. Based 
on the attribution of peaks, it can be noted that TW-PVA 
composite contains a number of functional groups, for exam-
ple –OH, –NH2, –COOH etc. Figs. 2 and 3 represent the shift 
in the wave number of the dominant peaks associated with 
the fresh TW-PVA composite and Cr (VI)-loaded TW-PVA 
composite in the FT-IR plots. These shifts in the wavelength 
demonstrated that there occurs metal binding process on 
the surface of the adsorbent [69,70].

Significant changes were observed for the characteristic 
peaks at 1,150 cm–1 which shifted to 1,162.6 cm–1and were cor-
responding to sulfonyl chlorides stretching and peak number 
shifted from 1,244.14 to 1,276.93 cm–1 indicates –SO3 stretching. 
Aliphatic ketones might be responsible for Cr (VI) adsorp-
tion as wave number shifted from 1,734.08 to 1,725.40 cm–1. 
Amide C–O stretching was found to be responsible one for 
adsorption at wave number with shifting from 1,556.62 to 
1,549.87 cm–1. A remarkable wave number shift from 1,318.40 
to 1,384.95 cm−1 was observed, which suggests that car-
boxylate anion was a predominant contributor for Cr (VI) 
adsorption. So it is evident that carboxylate anion, sulfonyl 

Fig. 2. FT-IR spectrum of raw tea waste (a), TW-PVA composite (b), Cr (VI) loaded on TW-PVA composite (c).
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chloride, and –SO3 groups played major role in binding of 
Cr (VI) on the TW-PVA composite. It was also observed that 
there was minor or no shift for the other bands (aldehyde 
C–H stretching, Si–O stretching, sulfonic acid S=O stretching, 
sulfonate S–O stretching, surface O–H stretching, aromatic 
nitro, C–NO2 stretching, aliphatic C–H stretching, aldehyde 
C–H stretching) which indicate that these groups were not 
involved in the adsorption process.

3.2. Comparative study of Cr (VI) removal on tea waste and 
TW-PVA composite

The removal rate of Cr (VI) by tea wastes and TW-PVA 
composite was calculated at different time intervals (30, 60, 
90 and 120 min). Fig. 3 shows removal efficiency of Cr (VI) 
by TW-PVA composite is higher when it is compared with 

tea waste. At 30 min, the removal efficiency of tea waste was 
only about 60.68% compared with 79.6% by TW-PVA com-
posite as an adsorbent and after 120 min, the removal was 
94.22% by TW-PVA composite compared with 81.99% by tea 
wastes which suggest that TW-PVA composite had the poten-
tial of being used as an efficient adsorbent than that of using 
tea waste itself. The comparison of adsorption efficiency of 
TW-PVA composite with other natural modified and syn-
thesized adsorbents has been illustrated in Table 2. TW-PVA 
used in the present investigation has significantly higher 
removal efficiency (96%) of Cr (VI) compared with other 
natural and synthetic adsorbents such as tea waste, coconut 
husk, chitosan-alumina composite, boiled and formaldehyde 
treated rice husk, cereal by-products, coconut shell charcoal 
and coconut shell, etc. 

3.3. Influence of different operating conditions on Cr (VI) removal 
by TW-PVA composite

The influences of different operating conditions such as 
dosage, pH, temperature, initial Cr (VI) concentration, con-
tact time on Cr (VI) removal by TW-PVA composite have 
been shown in Figs. 3 and 4. 

3.3.1. Effects of dosage

The dose dependence of Cr (VI) adsorption was exam-
ined by varying the amount of adsorbents (0.25, 0.50, 0.75, 
1 and 1.25 g) for a time interval of 120 min. Fig. 4a illus-
trates that the removal efficiency of the adsorbent gener-
ally improved with increasing dose. The maximum Cr (VI) 
removal efficiency is about 96.00% at the dose of 1.25 g where 
it was about 87.98% at 0.25 g of dose. This can be explained 
with the fact that with increase in the adsorbent dose, more 
binding sites will be free for the complexation of Cr (VI) 
and there will be an increase in the rate of adsorption. An 
increase in the percentage adsorption with adsorbent dose 
may be the fact of increasing in the adsorbent’s surface area 
and availability of more adsorption sites [78]. 

Table 1
Wave number (cm−1) for the dominant peak from FTIR for Cr (VI) sorption

Functional groups Tea waste TW-PVA composite Cr (VI) loaded on

Surface O–H stretching 3,440.19 3,422.83 3,422.83
Aliphatic C–H stretching 2,920.35 2,922.28 2,922.28
Aldehyde C–H stretching – 2,853.81 2,853.81
Aliphatic acid (C=O stretching) – 1,734.08 1,725.40
Unsaturated group like alkene 1,651.14 1,650.17 1,653.07
Amide C–O stretching 1,539 1,556.62 1,549.87
Amide C–NO2 stretching 1,539.26 1,541.19 1,543.12
Alkane group stretching 1,455.35 1,456.32 1,454.39
Carboxylate anion (C=O stretching) – 1,318.40 1,384.95
–SO3 stretching 1,259.57 1,244.14 1,276.93
Sulfonyl chlorides stretching 1,148 1,150.59 1,162.16
Si–O stretching – 1,102.37 1,105.26
Sulfonic acid S=O stretching 1,035 1,035.82 1,033.89
Sulfonate (S–O stretching) 617.2 668.3 669.3

Fig. 3. Comparison of chromium (VI) removal efficiency on tea 
waste and TW-PVA composite (pH 2, dosage: 1 g, initial concen-
tration: 50 mg/L). Values are mean numbers ± standard devia-
tions derived from three independent experiments.
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In Fig. 4b the adsorption capacity shows a decreasing 
trend with increasing dosage. The adsorption capacity of 
TW-PVA composite decreased from 17.60 to 3.84 mg/g with 
the increase of dose from 0.25 to 1.25 g at an initial concen-
tration of 50 mg/L. This decrease may be due to several fac-
tors such as at high adsorbent dosage, the available metal 

ions are insufficient to cover all the exchangeable sites on 
the biosorbent, usually resulting in low metal uptake; and at 
high adsorbent dose interference between binding sites also 
results in low uptake [79].

3.3.2. Effects of pH

pH affects both the surface charge of an adsorbent and 
the speciation of metal ions [80]. The effect of pH in the 
range 2.0–9.0 on the removing of Cr (VI) using TW-PVA was 
investigated and is illustrated in Fig. 5 which revealed that 
the maximum removal efficiency of chromium was 94.91% 
at pH 2 and hence it was taken as the optimal pH value 
for further adsorption experiments. With increasing pH, the 
removal rate of Cr (VI) dramatically decreased pointed out 
that acidic environment play an important role in reduc-
ing the rate of Cr (VI) and its interaction with TW-PVA 
composite. Cr (VI) exists in the form of oxyanions such as 
HCrO4

–, Cr2O7
2− and CrO4

2– in an acidic medium and low-
ering of pH is attributed to the strong attraction between 
these oxyanions of Cr (VI) and positively charged surface of 
the bio- adsorbent, therefore, the uptake increases with the 
decrease of pH of the solution [81]. When pH is less than 1 
then chromic acid (H2CrO4) may occur [80]. From acidic pH 
1 to the neutral pH 7, the hydrogen chromate ion (HCrO4

−) 
exists, whereas, above the neutral pH, only chromate ions 
(CrO4

2−) exist in the solution. 
At a lower pH, the adsorption effect is high because 

predominant Cr (VI) species mainly occur in monovalent 
HCrO4

− form, which is then gradually transformed to diva-
lent CrO4

2− and Cr2O7
2− as pH increases. The adsorption free 

energy of HCrO4
− is lower than that of CrO4

2− and Cr2O7
2−; and 

consequently, HCrO4
− is more easily adsorbed than CrO4

2− 
and Cr2O7

2− at the same concentration. As the pH increases, 
the composites surface becomes increasingly deprotonated 
so that the amount of positive surface charges is significantly 
decreased, leading to a reduction in the adsorption capacity 
of Cr (VI). Thus, at a lower pH, the adsorption quantities of 
Cr (VI) are larger than that of at higher pH [82,83].

3.3.3. Effects of initial metal concentration

The effect of initial Cr (VI) concentration on removal 
efficiency is depicted in Fig. 5. It is evident that the Cr (VI) 
removal percentage has decreased with increase in Cr (VI) 
concentration. From the experimental results, the maximum 

Table 2
Comparison of adsorption efficiency of TW-PVA composite with other natural modified and synthesized adsorbents

Name of the adsorbents Adsorption efficiency of Cr (VI) References

Tea Waste 92% Hanit et al. [71]
Tea waste and coconut husk 86% and 82%, respectively. Pragesh et al. [72]
Chitosan-alumina composite 90.17% Kabiraz et al. [73]
Boiled and formaldehyde treated rice husk 71.0% and 76.5%, respectively. Manjeet et al. [74]
Cereal by-products 90.60% Arris et al. [75]
Coconut shell charcoal 86% Babel and Kurniawan [76]
Coconut shell 83% Nilisha and Yogesh [77]
TW-PVA 96% Present Study

Fig. 4. (a): Effect of adsorbent dosages on Cr (VI) removal effi-
ciency (pH: 2, contact time: 120 min, initial concentration: 
50 mg/L), (b): Effect of dosages on adsorption capacity for Cr 
(VI) on TW-PVA composite (pH: 2, contact time: 120 min, initial 
concentration: 50 mg/L). Values are mean numbers ± standard 
deviations derived from three independent experiments.
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Cr (VI) percentage removal is noticed at a concentration of 
10 mg/L by TW-PVA composite and the maximum value 
obtained is 97.66% that has been decreased to 75.95% at a 
concentration of 250 mg/L. It may be due to an increase in 
the number of Cr (VI) ions for the fixed amount of adsorbent 
doses meaning there was no more adsorption sites on the 
adsorption surface of the material. At the lowest concentra-
tion of Cr (VI), the maximum chromium removal occurs due 
to higher cell density attained than higher concentrations of 
Cr (VI) [84].

3.3.4. Effects of contact time

It is evident from the results that the percentage removal 
increases with increasing contact time. Fig. 5 shows that 
the Cr biosorption has occurred in two steps: an initial fast 
step which lasts for 30 min followed by the slower second 
phase which has continued until the equilibrium reached 
within 150 min. Lower adsorption rate in the latter stage 
may be due to the difficulty faced by Cr ions to occupy the 
remaining vacant surface sites because of forces between the 
solute molecules of the solid and bulk phase [85,86]. Qaiser 
et al. [87] explained that in the starting phase, large number 
of vacant sites may be present, which led to fast adsorp-
tion, but afterward, it slows down as the vacant sites may 
be exhausted. This was due to repulsion between the solute 
molecules and bulk phase.

3.3.5. Effects of temperature

The effects of temperature on Cr (VI) removal by 
TW-PVA composite are demonstrated in Fig. 5. Temperature 
is considered to be a critical parameter in the adsorption 
of Cr (VI) by biosorbents [88]. In order to investigate the 
effects of temperature on the removal of Cr (VI) ions by both 
TW-PVA composite were studied at different temperatures 
(20°C, 30°C, 40°C and 50°C). The maximum Cr (VI) sorption 
occurred at 20°C which decreased continuously by increas-
ing temperature at constant values of pH: 2, adsorbent dose: 
1 g/L, contact time: 120 min, initial Cr (VI) concentration: 
50 mg/L and shaking speed: 200 rpm suggesting that the 
adsorption process was exothermic in nature [89]. These 
results also indicate that no permanent chemical bonds may 
not form during the adsorption process [90]. According to 
the adsorption theory, adsorption decreases with increase 
in temperature and molecules adsorbed earlier on a sur-
face have a tendency to desorb from the surface at higher 
temperatures [91]. These results are in accordance with 
the earlier reported works [92–94]. 

3.4. Adsorption isotherms

Investigation of equilibrium data is significant for devel-
oping an equation that can be used for design purposes. 
Classical adsorption models, such as the Langmuir and 
Freundlich models, have been widely used to explain the 

Fig. 5. Effects of (A) pH on Cr (VI) removal efficiency (contact time: 150 min, dosage: 1 g, initial concentration: 50 mg/L), (B) initial 
concentration on Cr (VI) removal efficiency (pH: 2, dosage: 1 g, contact time: 150 min), (C) contact time on Cr (VI) removal efficiency 
(pH: 2, dosage: 1 g, initial concentration: 50 mg/L) and (D) temperature on Cr (VI) removal efficiency (pH: 2, dosage: 1 g, contact time: 
150 min) by TW-PVA composite. Values are mean numbers ± standard deviations derived from three independent experiments.
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equilibrium established between adsorbed metal ions on the 
biomass and metal ions remaining in solution at a constant 
temperature. The Langmuir adsorption isotherm [95] defines 
the surface as homogeneous considering that all the adsorp-
tion sites have equal adsorbate affinity and that adsorption 
at one site does not affect adsorption at an adjacent site. 
It provides information on uptake capabilities and reflects 
the usual equilibrium process behavior. The Freundlich 
model [96] describes the equilibrium on heterogeneous 
surfaces and does not assume monolayer capacity and can 
only be applied in the low to intermediate concentration 
range. The experimental data were analyzed by Langmuir 
and Freundlich isotherm models which are mathematically 
expressed in Eqs. (4) and (5), respectively. The results are 
plotted in Figs. 6 and 7 and Table 3. 

C
q q b

C
q

e

e

e= +
1

max max

 (4)

Here qe is the metal concentration adsorbed on solid 
(biomass), Ce is the metal residual concentration in solution, 
qmax is the maximum specific uptake corresponding to site 
saturation, and b is the ratio of adsorption/desorption rates. 
The high value of correlation coefficient would indicate the 
good agreement between the parameters. Linear form of 
Freundlich equation is

log   q K Ce f e= +log log  (5)

where qe is the amount adsorbed (mg/g), Ce is the equilibrium 
concentration of adsorbate (mg/dm3) and Kf and n are the 
Freundlich constants related to the adsorption capacity and 
adsorption intensity, respectively.

The results given in Table 3 suggest that the Langmuir 
isotherm fits quite well with the experimental data; the 
results revealed that the maximum monolayer adsorption 
capacity was obtained with a Qmax value of 20.83 mg/g from 
the Langmuir model. The R2 value is an important parameter 
for selecting the best isotherm model. The higher R2 value 
suggests that the model describes the adsorption data more 

effectively [97]. It is well known that the Langmuir equation 
is intended for a homogeneous surface and a good fit of this 
equation reflects monolayer adsorption. This implies that the 
adsorption of Cr (VI) on the TW-PVA composite is confined 
to one layer adsorption which further indicates the homoge-
neity of the adsorbent surface. 

Intensity of adsorption (n) value is 1.92 which is in 
good agreement with Wang et al. [98], who mathematically 
assessed values of n for a number of mass transfer operations 
of the system and described that the values of n between 1 
and 10 would present beneficial adsorption. It is indicated 
that the applicability of a heterogeneous coverage of the 
Cr (VI) on the surface of adsorbent. The Freundlich equation 
is suitable for homogeneous and heterogeneous surfaces, 
indicating a multi-layer adsorption [99]. Adsorption takes 
place at both homogeneous and heterogeneous sites and 
not confined to one layer adsorption. This kind of results 
indicates the complexity of the structure and composition 
of adsorbent.

Fig. 6. Langmuir isotherm for Cr (VI) adsorption onto TW-PVA 
composite.

Table 3
Langmuir and Freundlich isotherm constants for the adsorption 
of Cr (VI)

Langmuir isotherm Freundlich isotherm
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Fig. 7. Freundlich isotherm for Cr (VI) adsorption onto TW-PVA 
composite.
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3.5. Kinetic studies

Adsorption kinetics study is considered one of the most 
effective tool for understanding the underlying mechanisms 
involved in the adsorption process of metal ions from the 
aqueous solution [100]. Various theoretical models provide 
significant insights into the mechanisms by which the adsor-
bate accumulates on the surface of the adsorbent such as 
Lagergren pseudo-first order model, pseudo-second order 
model, Elovich equation, intra-particle diffusion model, etc. 
[101]. In order to study the mechanism of sorption and poten-
tial rate determining step, the experimental data were simu-
lated by the pseudo-second-order kinetic model [52,102,103] 
and represented by the following linear equation:

t
q kq

t
qt e e

=
1 +  (6)

Here, k is the overall rate constants of pseudo-second- 
order adsorption (g/mg/min), and qe is the equilibrium 
adsorption capacity. Linear regression data for pseudo- 
second order kinetics are given in Table 4. The values of k 
and qe can be determined experimentally by plotting t/qt vs. 
t (Fig. 8). The linear plots of t/qt vs. t, the correlation coeffi-
cient of the pseudo-second-order kinetic model has found 
1, which indicates that the pseudo-second-order kinetic 
model provides satisfactory correlation for the adsorption 
of Cr (VI) ions onto the adsorbent. The experimental data 
agree well with the pseudo-second-order equation (correla-
tion coefficient R2 was observed to be close to 1 or equal to 
1), which suggests that the process controlling the rate may 
be a chemical sorption involving valency forces through 
sharing or exchange of electrons between biosorbent and 
sorbate [60,100].

4. Conclusions

In the present study, the potentiality of tea waste-poly-
vinyl alcohol (TW-PVA) composite for the removal of 
chromium (VI) has been confirmed. Chemical reduction and 
sorption are the potential mechanisms to remove chromium 
(VI) by TW-PVA composite. Thus, the findings demonstrated 
the potentiality of TW-PVA composite as an alternative adsor-
bent for the removal of Cr (VI) from wastewater. However, 
further investigation, that is, scanning electron microscopy 
analysis of TW-PVA composite is recommended to confirm 
the morphology of composite and exact pore size distribu-
tion. In addition, most of the previous experiments includ-
ing the present one illustrated second order kinetic model 
hence other kinetic models have to be studied to describe the 
Cr (VI) removal process more accurately and precisely.
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