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Reduction and Biosorption of Cr(VI) from Aqueous Solutions by Acid-
-Modifi ed Guava Seeds: Kinetic and Equilibrium Studies
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The use of guava seeds (GS) and acid-modifi ed guava seeds (MGS) for the removal of Cr(VI) from aqueous 
solutions was investigated. Batch-type experiments were performed with Cr(VI) aqueous solutions and biosorbents 
to determine the kinetic and equilibrium sorption parameters. Results indicated that GS and MGS were capable 
of reducing and remove Cr(VI) from solutions, but the reduction was only observed at some experimental condi-
tions. Infrared analysis showed that several functional groups were involved in the reduction, and biosorption of 
Cr(VI), particularly alcohol, phenolic, carboxylic, and methoxymethyl structures. The mechanisms of reduction and 
biosorption depended upon the type of biosorbent, pH, and temperature of the system. The pseudo-second-order 
kinetic model describes the kinetic sorption data, and the Langmuir-Freundlich (L-F) model describes the isotherm 
data in most cases. Signifi cantly high total chromium biosorption capacities were obtained. Acid modifi cation of 
guava seeds improves chromium biosorption performance.
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Abbreviations
AAS   – Atomic absorption spectroscopy
EDS   – Energy Dispersive X-Ray Spectroscopy
FTIR   – Fourier Transform Infrared Spectroscopy
GS   – Guava seeds
GS-Cr   – Chromium-loaded guava seeds
L-F   – Langmuir-Freundlich model
MGS   – Acid-modifi ed guava seeds
MGS-Cr   – Chromium-loaded acid-modifi ed guava seeds
SEM   – Scanning Electron Microscopy
[GS, 25oC, pH2]  – Sorption system using guava seeds, at 25oC and pH 2
[GS, 25oC, pH6]  – Sorption system using guava seeds, at 25oC and pH 6
[GS, 45oC, pH2]  – Sorption system using guava seeds, at 45oC and pH 2
[GS, 45oC, pH6]  – Sorption system using guava seeds, at 45oC and pH 6
[MGS, 25oC, pH2] – Sorption system using acid-modifi ed guava seeds, at 25oC and pH 2
[MGS, 25oC, pH6] – Sorption system using acid-modifi ed guava seeds, at 25oC and pH 6
[MGS, 45oC, pH2] – Sorption system using acid-modifi ed guava seeds, at 45oC and pH 2
[MGS, 45oC, pH6] – Sorption system using acid-modifi ed guava seeds, at 45oC and pH 6

INTRODUCTION

                                    The presence of heavy metals in wastewaters is of great 
concern because of their toxic and carcinogenic effects 
on human health and aquatic organisms1. Wastewater 
discharges from different industries such as mining, 
electroplating, and tanneries, among others, are causing 
several water pollution problems worldwide. Some ele-
ments like zinc, iron, copper, cadmium, and chromium 
are frequently found in these types of waste streams2. 
The problem with these pollutants is that they are not 
biodegradable, and they could accumulate in organ-
isms at various trophic levels, causing disorders in the 
ecosystem and the food chain. Therefore, they can be 
considered as priority pollutants. These metals are dis-

charged through point and non-point sources into the 
aquatic ecosystems, and they can reach concentrations 
above maximum permissible levels3.

Valence states of chromium range from –2 to +6. The 
+3 and +6 oxidation states are the most commonly 
observed in chromium compounds, whereas +1, +4, 
and +5 states are rare4, but only Cr6+ and Cr3+ species 
have ecological importance due to their chemical proper-
ties, particularly in aquatic environments. Despite both 
chromium species could be harmful to organisms, Cr6+ 
represents a higher risk due to its toxic, carcinogenic 
and mutagenic properties when living organisms get in 
contact with this species, including humans. Different 
water discharges from several industries may have high 
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concentrations of Cr6+ ions, like those related to the 
production of dyes and pigments, galvanoplasty, mi-
ning, and leather factories, among others. Therefore, 
the elimination of chromium (VI) from these types of 
wastewaters is necessary before its discharge into the 
aquatic system4.

Conventional methods for the removal of metallic 
ions from wastewaters include redox reactions, chemical 
precipitation, reverse osmosis, ion exchange, and elec-
trochemical techniques. Commonly, these methods show 
some disadvantages, such as low effi ciencies in metallic 
ions removal (particularly when metals concentrations 
range of 10 to 100 mg/L), high reagent use, high-energy 
requirements, large amounts of sludge produced, or 
high costs of equipment5, 6. Therefore, it is imperative 
to fi nd consistent and straightforward techniques that 
could involve the use of local resources in the removal 
of metals from aqueous discharges at a low cost.

Among these techniques, biosorption could be consi-
dered as an alternative to conventional methods. Bio-
sorption has proven its high performance for metallic 
ions removal from aquatic wastes. Also, this method 
can be considered as fast, selective, and precise since it 
has shown that in just a few minutes of treatment, high 
effi ciencies in heavy metal removal can be reached7.

On the other hand, food waste is a severe issue 
worldwide, and reuse of these types of biomaterials 
is an important mitigation option. Since food waste is 
carbonaceous, it has different components in its matrix. 
As a result, it is probably suitable for preparing adsor-
bents8. In recent times; different low-cost biosorbents 
have been developed from several agro-wastes for Cr(VI) 
removal. The following materials have been reported 
for this purpose: treated waste newspaper4, groundnut 
shell9, date pits and olive stone10, soya cake11, carrot 
waste12, tea leaves dried biomass13, neem leaves and 
sawdust14, Fe-Modifi ed peanut husk15, garlic stem and 
horse chestnut shell16, Oak (Quercus robur) acorn peel17, 
Teff straw18, and polyacrylic acid-grafted Macadamia nut-
shell powder19. For this reason, it is crucial to carry out 
research to develop new highly effective biosorbent 
materials in the treatment of industrial aqueous wastes, 
which allow their regeneration and reuse, as well as the 
recovery of metals20.

The utilization of non-living biomass could be more 
convenient compared to the usage of viable cells as 
biosorbents since it is not necessary to add carbon and 
nitrogen sources for cell growth, besides that operating 
conditions and probable toxicity of metal ions towards 
living cells used as sorbents could also be a problem; 
in addition, biological constraints do not govern the 
processes, the retrieval of metallic ions from solutions 
is easy, and a totally reversible process can be achieved 
since non-living biomass can act as a cation exchanger. 
Nonetheless, the use of dead biomass can represent 
some disadvantages in adsorption processes, such as high 
sensitivity to sudden changes in pH of the solution, as 
well as rapid saturation of the biosorbent. In addition, 
the fact that living biomass can cause changes in the 
oxidation state of metal ions due to biological mecha-
nisms may represent an advantage compared to the use 
of non-living biomass21. Despite this fact, it has been 
proven that also certain types of inactive biomass used 

for chromium removal have been able to reduce the Cr6+ 
to Cr3+ ion in acidic aqueous solutions22. It has also been 
reported, especially at low pH values, that some of the 
Cr3+ ions generated by different reduction mechanisms 
can remain in the solution, concluding that the capacity 
of the biosorbent for chromium removal can be lower 
than its ability to reduce Cr6+ 22. Therefore, it is essential 
to fi nd alternative materials that can simultaneously act 
as an excellent reducing agent and biosorbent.

It is well known that chromium reduction by lignocel-
lulosic biosorbents takes place as chromate or dichro-
mate ions in solution come into contact with electron 
donating functional groups present on the surface of 
the biosorbent, along with the participation of protons 
(H+). It is crucial to identify electron donor groups 
on the surface of the biosorbent, such as amino and 
carboxyl, to understand reduction mechanisms in the 
system23. Consequently, the protonation of functional 
groups could have a signifi cant effect on the reduction 
of Cr6+ ions and consecutive biosorption of Cr3+ ions 
and acid modifi cation of biosorbent material could help 
to enhance biosorption capacity for chromium. 

Based on the above, guava seeds have great potential 
to be used as biosorbents for heavy metals in solution, 
especially Cr(VI). This fact can be explained since this 
biosorbent is non-living biomass of low cost and high 
availability, which means that it can be regenerated and 
reused in adsorption processes of effl uents contaminated 
with this metal. Furthermore, this material is lignocellu-
losic, which provides properties suitable for reducing the 
oxidation state of Cr(VI) to Cr(III), thus reducing ion 
toxicity in aqueous solutions. Likewise, guava seeds have 
excellent mechanical and surface properties, which allow 
them to be chemically modifi ed through an intense acid 
treatment to functionalize their external surface and thus 
increase the reduction of Cr(VI) in solution. Therefore, 
guava seeds were selected to determine their effi cacy in 
reducing and removing Cr(VI) from aqueous solutions.

Therefore, this study aimed to evaluate chromium re-
moval from aqueous solutions using acid-modifi ed guava 
seeds as biosorbent by determining the fundamental 
kinetics and equilibrium biosorption parameters in batch 
systems with studying the effects of temperature and pH 
on the reduction and biosorption processes.

MATERIALS AND METHODS

Preparation and modifi cation of biosorbent
To obtain the biosorbent used in this study, guava seeds 

from different industries were collected since they are 
considered a solid residue from agro-industrial activities. 
This solid residue is available in large quantities due to 
the vast production and use of the guava fruit in the 
region where it was collected. The seeds were used as 
a biosorbent because they have structural properties, 
such as their high content of lignin, cellulose, and pro-
tein, which could make them suitable for removing ionic 
pollutants from wastewaters. Guava seeds (GS) were 
obtained from a local food industry as a solid residue 
produced by its manufacturing process. The material 
was washed and rinsed several times with deionized 
water to remove fruit pulp traces and impurities. The 
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seeds were dried at room temperature, and then they 
were crushed and sieved to obtain the 1 mm size frac-
tion for later use in the acid modifi cation process and 
biosorption experiments.

For the acid modifi cation of guava seeds (GS), a me-
thod proposed by Park et al.24 was used: 5 g of GS were 
put in contact with 200 mL of H2SO4 1M solution. The 
mixture was stirred at 200 rpm for 24 h. Later, the acid-
-modifi ed guava seeds (MGS) were separated from the 
acid solution, and they were rinsed several times with 
deionized water. Finally, MGS was dried at 60oC for 
24 h, and they were used for biosorption experiments 
without further modifi cation.

Scanning Electron Microscopy (SEM)
SEM images of GS and MGS samples, as well as 

chromium-loaded acid-modifi ed guava seeds (MGS-Cr), 
were obtained to determine their surface morphology and 
a semi-quantitative elemental composition. The samples 
were previously covered with copper to get these images, 
and then they were analyzed using a JSPM-5200 scanning 
electron microscope and a JEOL JSM-7600F FEG-SEM 
microanalysis detector.

Fourier Transform Infrared Spectroscopy (FTIR)
In order to understand and elucidate possible sorption 

and reduction mechanisms of chromium on GS, MGS, 
and MGS-Cr, Fourier Transform Infrared (FTIR, Bruker 
Tensor 27) analyses were performed to these samples. 
Measurements were recorded using KBr pellets with 
a wavelength ranging from 200 to 4000 cm–1 at a reso-
lution of 4 cm–1.

Kinetic experiments
Batch-type experiments with GS and MGS and aqu-

eous solutions of hexavalent chromium were conducted 
to determine biosorption kinetics. For this purpose, 
0.1 g of each biosorbents were put in centrifuge tubes 
with 10 mL of a 10 mg/L K2Cr2O7 aqueous solution. 
The tubes were stirred at 120 rpm for different contact 
times ranging from 10 min to 48 h. Once the contact 
time was reached, the centrifuge tubes were removed 
from the stirrer, and the aqueous solution was decanted 
and fi ltered, storing the supernatant in different vials 
for later analysis of Cr(VI) by a standard colorimetric 
method in a visible spectrophotometer at 540 nm. The 
total concentration of Cr in the supernatant (i.e., the 
sum of the Cr6+ and Cr3+ ions present in the aqueous 
solution) was analyzed by atomic absorption spectroscopy 
(AAS)25. The Cr3+ concentration was then estimated 
from the difference between the total Cr and Cr6+ 
concentrations1, 19. These experiments were performed 
at two temperatures (25 and 45oC) and two distinct 
pH values (2 and 6) to ascertain the infl uence of these 
parameters over Cr(VI) sorption kinetics at these expe-
rimental conditions. These pH values were selected to 
determine the effects of the different chromium chemical 
species, as well as biosorbent’s surface properties, on the 
reduction and biosorption processes. Temperature values 
were selected to demonstrate their effects on reducing 
kinetics and effi ciency and infer if biosorption enhances 
when the temperature rises. Moreover, it is well known 
that chromium polluted wastewaters, particularly tannery 

effl uents, can present highly acidic conditions and low 
pH values (from 2.8 to 4.5, depending on the process 
stage) and high temperatures when they are discharged 
to the sewage or water bodies.

All biosorption experiments were performed thrice to 
determine its reproducibility, and the mean values were 
reported in all cases.

Eff ect of the biosorbent dosage
The infl uence of the biosorbent dosage on the equili-

brium removal of Cr6+ ions was investigated by combining 
different GS and MGS masses, ranging from 0.01 to 0.2 g, 
together with 10 mL of a 10 mg/L K2Cr2O7 solution in 
fl asks. The fl asks were shaken at two temperatures (25 
and 45oC) at 120 rpm until sorption equilibrium was 
reached. Solutions were adjusted at two different pH 
values (2 and 6). The Cr(VI) and total chromium levels 
in the remaining solutions were determined by the AAS 
method, as mentioned above. Biosorption dosage tests 
were carried out in triplicate to assess reproducibility, 
and the mean values were reported.

Chromium biosorption isotherms
Biosorption batch-type tests were performed using GS 

and MGS samples and aqueous solutions of K2Cr2O7 at 
concentrations from 10 to 300 mg/L. Temperatures of the 
tests were established at 25 and 45oC and two different 
pH values (2 and 6) were evaluated. These experimental 
conditions were set to assess the infl uence of these pa-
rameters on the maximum sorption capacities of natural 
and acid-modifi ed guava seeds for chromium. Doses of 
GS and MGS samples were placed in centrifuge tubes 
with 10 mL of Cr(VI) aqueous solutions at different 
concentrations. The tubes were stirred in a reciprocal 
shaker until equilibrium time was reached. Once equ-
ilibrium was reached, the tubes were removed from the 
shaker, and the suspension was decanted and fi ltered. 
Then, the remaining solutions were kept at low tempe-
rature in vials for Cr(VI) and total chromium analysis 
by AAS. The experiments were also performed thrice, 
and the mean values were reported.

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM)
SEM was used to analyze the surface morphology of 

GS, MGS, and MGS-Cr samples; it was utilized to detect 
the changes in the structure and surface properties of the 
samples because of the acid-modifi cation and chromium 
adsorption processes. Results can be observed in Figures 
1a and 1b for GS and MGS samples, respectively. It can 
be noticed that the sample has some particles adhered 
to its fl at surface, and some wrinkled folds can also 
be observed. In the MGS sample (Fig. 1b), areas with 
single pleats, fl at and creased parts contribute to more 
heterogeneous surface morphology. This type of surface 
conformation is signifi cant since the surface area could 
increase as a result of the pores created in such fl aws 
of the structure of the biosorbent. Besides, the deterio-
ration of fi bers due to chemical modifi cation and heat 
treatment denotes cell degradation and color change26. 
Moreover, the presence of particles adhered to the surface 
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decreases after modifi cation. Usually, acid-modifi cation 
has been useful for cleaning and replacing the natural 
ions attached on the cell wall with H+ and SO4

2– spe-
cies24, 27. Semi-Quantitative elemental analysis by EDS 
was carried out on two specifi c areas of the MGS-Cr 
sample (Fig. 2a), where the plain and uniform surface 
was observed (point A), and also at the irregular part of 
the sample (point B). It can be noticed that despite the 
morphological properties of the surface in the material, 
a certain percentage of chromium adheres to GS-Cr and 
MGS-Cr as a result of the sorption process, showing 
a chromium amount of 1.3 g Cr/100 g GS-Cr and 2.2g 
Cr/100 g MGS-Cr, respectively. The presence of high 
or low concentrations of the different elements can be 
attributed to the heterogeneity of functional groups exi-
stent in the two specifi c areas that were analyzed. These 
facts imply that chromium can be adsorbed on GS and 
MGS sites, as shown in Figures 2a and 2b, respectively. 

Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectra are shown in Figures 3 and 4, for 

the samples of adsorbents: GS, MGS, GS-Cr, and MGS-
-Cr. Samples of GS-Cr and MGS-Cr, collected from 
chromium biosorption tests at two different pH values 
(2 and 6), were used for these tests. In Figure 3, signi-
fi cant changes in the absorption peaks corresponding to 
the GS and GS-Cr samples are observed. Variations in 
these bands are related to -CH, -CH2, C=O, -NH, and 
-OH functional groups, also suggesting that oxygenated 
hydrocarbons associated functional groups predominate 
in these materials. It can be complicated to ascertain the 
existence of aromatic organic compounds in this type of 
biomaterials, as C-H stretching frequencies are often 
found, and superposition with O-H groups from alcohol 

can occur since these are sections of critical functional 
groups28. It is well known that guava seeds major struc-
tural components are cellulose, hemicellulose, lignin, and 
some extractive compounds (like lipids, proteins, etc.). 
As a result, the carboxylic acid, phenolic, hydroxyl, and 
carbonyl-related functional groups predominate in this 
biomaterial29, 30. The bands observed from 2920 to 2924 
cm–1 are associated with the vibration and stretching of 
the methyl bonds, as well as to the hydrophobic methoxy 
and methylene hydrophobic groups, contained in the 
hydrocarbons chain31, 32. 

Variations in peaks intensities in the GS and GS-Cr 
spectra (Fig. 3) indicate that the carboxylic, methoxy-
methyl ether, hydroxyl, and phenolic functional groups 
are implicated in chromium reduction and adsorption. 
This minor reduction in intensity could be attributed to 
ionic substitution, which produces analogous spectra in 
the two biosorbents33. Bands observed at 3410, and 3380 
cm−1 can be attributed to OH stretching34. Depending 
on their position on glucose molecule, hydroxyl groups 
can develop two different forms of hydrogen bonds. 
One of these types is the one formed between two ad-
jacent hydroxyl groups present in the glucose molecule, 
which is part of the cellulose structure; this is called an 
intra-molecular link, which confers rigidity to cellulose 
structure. When a hydrogen atom connects two hydroxyl 
groups from different cellulose units, an inter-molecular 
bond takes place, and these types of interconnections 
are one of the reasons for supramolecular cellulose 
structures can be formed32, 35. Besides, methyl (C-H), 
methoxy (O-CH3) and aliphatic methylene (CH2) stretch 
absorption bands were found at 2920 to 2850 cm–1. 

Figure 1. SEM images of different samples: a) GS observed at 
1500x; b) MGS observed at 1500x

Figure 2. SEM images of different samples: a) GS-Cr observed 
at 500x; b) MGS-Cr observed at 500x

Figure 3. FTIR spectra of GS and GS-Cr samples

Figure 4. FTIR spectra of MGS and MGS-Cr samples at 
different temperatures and pH values
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The band at 1615 cm–1 can be associated with the asym-
metrical stretching of C=O in the carboxyl group, which 
can be found in hemicellulose or protein molecules in 
the GS structure. The peak at 1765 cm−1 is attributed 
to the C=O of an ester molecule that can be found in 
oils of GS material34, and an aromatic ring vibration was 
observed, along with a C=C stretching at wavelengths 
near 1521 and 1606 cm–1, respectively36. Moreover, bands 
observed at 1360 to 1210 cm–1 corresponded to the O-H 
group from phenolic compounds, and the bands observed 
from 1247 to 1161 cm–1 corresponded to C-O-C groups 
and C-H from aromatic compounds, respectively.

An absorption band assigned to a functional group 
increase proportionately with the number of times this 
functional group exists within the molecule37. The FTIR 
spectral analysis before and after chromium sorption on 
GS (Fig. 3) shows a substantial decrease in band inten-
sities of specifi c functional groups after the biosorption 
of chromium; such as hydroxyl groups (aliphatic and 
cyclic), aldehyde groups (aliphatic and aromatic), carbonyl 
groups and methoxymethyl ether groups. This disparity 
indicates that such functional groups are involved in the 
removal of chromium by GS. Suksabye et al.38 found 
that lignin participated in the Cr(VI) sorption mecha-
nism; also proposing that carbonyl (C=O) and methoxy 
(O–CH3) groups may be involved. They also suggested 
that coordinated covalent bonds with C=O and O-CH3 
groups are responsible for chromium reduction on the 
coir pith surface through electron donation from oxygen 
atoms to Cr(III) species. 

Using MGS as biosorbent for chromium removal, a si-
milar behavior on FTIR spectra was observed (Fig. 4) 
with a decrease in band intensities after chromium 
removal for the same functional groups involved when 
GS was used as biosorbent. It is important to mention 
that a higher decrease in band intensity was observed for 
the case of chromium removal with MGS at pH 6 and 
temperature 25oC than for the system, where MGS was 
used at pH 2 and 45oC. This behavior could be associa-
ted with a higher sorption capacity of the MGS at low 
temperature, as well as to chromium sorption mechanism 
related to Cr(VI) and Cr(III) chemical species present 
in aqueous solutions at these pH values.

Chemical characterization of GS was previously re-
ported39, and the main structural components of this 
biosorbent were: lignin (69.78%), hemicellulose (12.96%), 
cellulose (11.04%), and pectin (1.32%).

Kinetics Experiments
Figure 5 shows the adsorption data as a function of 

time for Cr(VI) and total chromium by GS at different 
temperatures. The curve of Cr(VI) removal at 25oC is 
defi ned by a relatively rapid removal at the early stages 
of the process (Fig. 5a). Biosorption of Cr(VI) on GS 
surface took place and then reduction occurred since 
biosorption happened fi rst before electron transfer from 
donating groups occurred. An approximately 30 percent 
of Cr(VI) reduction from the aqueous solution was ob-
served at 48 h of contact time, and almost 50 percent of 
Cr(VI) removal was reached at 120 h of contact time. 
Total chromium removal kinetics showed slow sorption on 
the fi rst 48 h of contact time since the reduction process 
was taking place at this period, and sorption increased 

gradually until total chromium sorption equilibrium was 
reached approximately at 120 h. Total chromium removal 
started to rise gradually as Cr(III) was appearing on the 
solution; this fact suggests that Cr3+ was retained on the 
GS surface area since Cr(III) concentration started to 
decrease after 48 h of contact.

Figure 6 shows the chemical equilibrium diagram for 
chromium obtained using MEDUSA software40. From 
this diagram, it can be noticed that both Cr(III) and 
Cr(VI) species can be present at different pH values as 
redox processes occur due to electron donor presence in 
solution. In this case, Cr(VI) reduction at pH 6 results 
in the formation of the Cr2O3 species; consequently, 
an increase in the Cr(III) concentration, as well as on 

Figure 5. Cr(VI), Total Chromium and Cr(III) removal by 
GS as a function of time at different temperatures: 
a) 25°C, b) 45°C (pH = 6)

Figure 6. Equilibrium diagram of Cr(III) and Cr(VI) species 
in aqueous solution
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reached at approximately 48 h of contact. No reduction 
of Cr(VI) occurred during the sorption process for MGS 
at 25oC. By comparing Cr sorption kinetics by using 
GS and MGS as biosorbents at the same temperature 
and pH 6, it can be established that acid modifi cation 
of guava seeds signifi cantly affects chromium sorption 
kinetics since equilibrium time decreased when MGS 
was used for Cr removal experiments. It was also no-
ticed that the chemical reduction of Cr(VI) occurred 
when GS was used. Miretzky and Fernández-Cirelli44, 
and Zheng et al.45 mentioned that Cr(VI) reduced to 
Cr(III) by contact with electron-donating groups present 
in the biosorbent. FTIR analysis of GS revealed the 
existence of methoxyl, carbonyl, and phenolic groups, 
which were described as electron-donating groups45. 
These groups were affected by acid modifi cation and 
their presence on MGS surface decrease, as was obse-
rved on FTIR spectra (Fig. 4). This fact, together with 
chromium speciation in aqueous solution at pH 6, led 
to a different removal mechanism at these experimental 
conditions, where only biosorption of Cr(VI) species was 
observed at the two temperatures. Cr6+ to Cr3+ reduction 
depends on methoxyl, carbonyl groups, and phenolic 
groups, which are affected by acid modifi cation and 
temperature. The mechanism begins with the reaction 
of the dichromate ion with water to generate the ion 
HCrO4

– (Jones reagent, Cr(VI)) that in acidic medium 
generates chromium trioxide (CrO3), which is capable 
of forming chromium esters with alcohol, carbonyl or 
phenol. These esters decompose for the elimination of 
Cr(VI) HCrO3

–, which reacts with another species of 
Cr(VI), forming two species of Cr(V) that also oxidize 
alcohol or phenol and decompose in Cr(III).

Chromium sorption kinetics was also evaluated at pH 2 
(at 25oC) with GS and MGS as biosorbents. The results 
of these experiments are shown in Figure 8, where Cr(VI) 
and total chromium sorption kinetics showed a relatively 
fast increase in the fi rst 10 h of contact, reaching 100% 
of Cr(VI) removal using both materials. The fact that 
MGS shows Cr(VI) reduction indicates that the pH of 
the solution plays an essential role in the chromium 
removal mechanism by this type of material. It was 
observed that Cr(III) occurrence is faster in GS system 
(Fig. 8a) than for MGS (Fig. 8b), but a higher total 
chromium removal is achieved for MGS. Equilibrium 
time is reached faster for GS (48 h) than for MGS 
(92 h). It is known that H+ ions participate in Cr(VI) 
reduction reaction; hence, at highly acidic conditions, 
these ions are present at high concentrations, and they 
could protonate surface functional groups on GS, and 
MGS, enhancing Cr(VI) reduction kinetics, particularly 
for MSG biosorbent. However, by comparing Cr(VI) re-
duction by GS and MGS, it can be observed that Cr(VI) 
reduction is negatively affected when guava seeds were 
acid-modifi ed since Cr(III) concentrations in solutions 
become signifi cant at approximately 15 h of contact 
time when Cr(VI) sorption has reached 40% removal 
(Fig. 8b). This fact indicates that there is a difference 
between Cr(VI) reduction mechanisms when GS and 
MGS are used as biosorbents since reduction begins al-
most immediately when GS present in solution (Fig. 8a). 
This fact suggests that Cr(III) ions were generated by 
electron transfer before Cr(VI) ions can be adsorbed. 

Figure 7. Cr(VI), Total Chromium and Cr(III) removal by MGS 
as a function of time at different temperatures: a) 
25°C, b) 45°C (pH = 6)

the Cr(VI) removal, were observed (Fig. 5a). Cr2O3 
appearance could be related to the bonding of Cr(III) 
to oxygen atoms on the surface of GS biosorbent; this 
is consistent with the fact that bands attributed to Cr-O 
bonding, with oxygen atoms from methoxy and carbonyl 
groups, were identifi ed on GS-Cr FTIR spectra (Fig. 3). 
The formation of Cr2O3 species on the surface of ligno-
cellulosic and pectic biosorbents has also been reported 
by Bellú et al.41.

For the case of Cr(VI) removal by GS at 45oC and 
pH 6, results are shown in Figure 5b where no formation 
of Cr(III) was observed; therefore, an anionic sorption 
mechanism is proposed in this case. Cr(VI) and total chro-
mium adsorption curves are defi ned by a relatively rapid 
removal at the early stages of the process, approximately 
10 h, until sorption equilibrium was reached at 30 h. It 
can also be observed that the chromium biosorption ki-
netics by GS is favored at high temperatures, suggesting 
an endothermic nature of the process for this system. 
Similar behavior was reported for Cr (VI) removal 
using Ecklonia sp. as biosorbent42. The fact that Cr(VI) 
reduction was inhibited at this temperature could be 
attributed to the loss of electron donating groups due 
to the physical deterioration of biosorbent because of 
the high temperatures of the solution43. 

Results for Cr(VI) and total chromium kinetics ad-
sorption by MGS at different temperatures and pH 6 
are shown in Figure 7. Sorption kinetics curves at 25oC 
are shown in Figure 7a. It was noticed that the sorption 
process increased relatively fast until equilibrium was 
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However, when MSG is present in solution (Fig. 8b), 
the reduction becomes signifi cant after 16 h of contact 
time, indicating that Cr(VI) biosorption occurred on 
MGS before reduction. These results also indicate that 
Cr(VI) reduction, as well as Cr(III) biosorption, by GS 
and MGS are highly temperature and pH dependent.

Similar behavior is observed when kinetic sorption tests 
were performed at pH 2 and a temperature of 45oC, using 
GS and MGS as biosorbents (Fig. 9). It can be noticed 
that chromium reduction occurred relatively fast in both 
materials. For the case of Cr(VI) removal onto GS (Fig. 
9a), a rapid reduction of Cr(VI) is observed until all of 
the Cr(VI) ions in solution, present as HCrO4

– species, 
were reduced to Cr(III) at approximately 6 h of contact. 
Similar behavior was observed for the case of chromium 
reduction by MGS, but slightly fast reduction kinetics 
can be noticed, particularly at the fi rst 4 h of contact 
(Fig. 9b). Kinetics of Cr(VI) reduction and Cr(III) 
biosorption onto GS and MGS, at these experimental 
conditions, were signifi cantly faster than those carried 
out at lower temperatures and higher pH values. It is 
important to notice that total chromium removal begins 
as Cr(VI) occurs and total Cr kinetics is also faster than 
that obtained at lower temperatures, suggesting that both 
chromium species could be adsorbed on GS and MGS 
surface. This behavior also indicates that the sorption of 
Cr(VI) on biosorbent surface was not the control step 
to reduction under these experimental conditions. With 
these results, it can be established that the fi rst step on 
Cr(VI) reduction mechanism is biosorption of HCrO4

– 

species on highly protonated functional groups present on 

GS and MGS surfaces, followed by reduction to Cr(III) 
ions by electron transfer of these groups.

The study of sorption kinetics allows determining the 
rate at which adsorbates are removed from the aqueous 
medium. It can be useful to know the diffusion steps 
that control the sorption process, and it is important to 
select the optimal operating conditions in the wastewater 
treatment design. Therefore, a non-linear regression 
analysis was used to fi t total chromium sorption kinetic 
data to three empirical kinetic models to establish pa-
rameters of the biosorption systems under study, using 
the software Statistica v.7.0. The following empirical 
models were tested with kinetic data at different pH 
and temperature conditions:

The Lagergren equation, or pseudo fi rst-order model 
is established by the following expression46:

 (1)

Where KL is the Lagergren rate constant (min−1); qt is 
the quantity of adsorbed ion at any given time t (mg/g), 
and qe is the quantity of adsorbed ion at equilibrium 
(mg/g).

The non-linear form of the pseudo-second-order equ-
ation, fi rstly proposed by Ho et al.47, is:

 (2)

Where K2 is the pseudo-second-order rate constant (g/
mg min); qt is the quantity of adsorbed ion at any given 
time t (mg/g), and qe is the quantity of adsorbed ion at 
equilibrium (mg/g).

Figure 9. Cr(VI), Total Chromium, and Cr(III) removal as a 
function of time by a) GS and b) MGS, at 45°C and 
pH = 2

Figure 8. Cr(VI), Total Chromium and Cr(III) removal by: a) 
GS, and b) MGS as a function of time at 25°C and 
pH = 2
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The following equation describes the Elovich model, 
which has been used to describe several adsorption sys-
tems that exhibit chemisorption removal mechanisms48:

 (3)
Where qt is the adsorbate concentration at any time, 

t, per weight of adsorbent, (mg/g); a is the initial ad-
sorption rate (mg/g min), and b is the desorption rate 
Elovich constant, (g/mg).

Results showed that the model that best described total 
chromium kinetics onto GS and MGS is the pseudo-
second-order model, in accordance with their correlation 
coeffi cients calculated from nonlinear regression analyses, 
followed by Lagergren equation. Elovich model did not 
fi t well biosorption kinetics of all systems under study. 
Tables 1 and 2 show the parameters of the pseudo-second-
order model, as well as correlation coeffi cients for total 
chromium biosorption on GS and MGS, respectively, at 
different experimental conditions.

pH 6 (Table 2), a signifi cant decrease in the sorption 
rate was observed at higher temperatures. These sys-
tems did not show chromium reduction, so that Cr(VI) 
sorption onto MGS was the predominant mechanism in 
these systems. Usually, an increase in temperature favors 
diffusion processes in a sorption system, when a porous 
adsorbent is used, improving sorption kinetics; therefore, 
we can assume that diffusion is not a governing step in 
adsorption kinetics on Cr(VI)-MGS systems.

Considering the system [MGS, 25oC, pH 6] as initial 
operating conditions, it was found that, for the kinetic 
experiments where MGS was used as biosorbent, when 
raising the temperature, system [MGS, 45oC, pH 6], and 
decrease the pH, system [MGS, 25oC, pH 2], a decrease 
in the biosorption rate constant was caused. The above 
indicates that these conditions do not have a positive 
effect on the sorption kinetics of Cr(VI), since they 
showed the most extended equilibrium times: 53 h for 
the system [MGS, 45oC, pH 6] (Fig. 7b) and 78 h for 
the system [MGS, 25oC, pH 2] (Fig. 8b), compared with 
37 h for [MGS, 25oC, pH 6]. Finally, when two variables 
of the system (pH and temperature) were varied, i.e., 
the system [MGS, 45oC, pH 2], it seemed to positively 
affect the sorption rate since the constant for this system 
was the highest and the shortest equilibrium time was 
achieved (4.5 h).

Eff ect of adsorbent dosage
Batch tests were performed to determine the infl uence 

of the biosorbent dose on the reduction and biosorption 
of chromium with GS and MGS biosorbents, for the 
cases of the systems whose pH and temperature condi-
tions signifi cantly affected kinetic parameters. Figure 10 
shows results from these experiments for the systems 
above-mentioned systems: [GS, 45oC, pH 6] (Fig. 10a), 
[MGS, 25oC, pH 6] (Fig. 10b), and [MGS, 45oC, pH 2] 
(Fig. 10c).

For the system [GS, 45oC, pH 6] (Fig. 10a), the in-
crease in biomass dose increased the removal of Cr(VI) 
and total chromium until no signifi cant variations in the 
removal were noticed at a dose of 0.07 g GS/10mL, while 
the reduction of Cr(VI) is not substantial. This beha-
vior could be attributed to the low amount of electron 
donating functional groups when the amount of biosor-
bent is low. However, from the 0.09 g GS/10mL dose, 
there was a slight decrease in the removal of Cr(VI) 
and total chromium, as well as a considerable increase 
in the percentage of Cr(III) in solution; this could be 
associated with the increase in the amount of electron 
donor groups on the total surface of the biosorbent 
mass. Despite there is a higher Cr(VI) reduction, total 
chromium removal decreased; thus, it can be considered 
that chromium removal at these experimental conditions 
is not suitable at higher GS doses.

For the system [MGS, 25oC, pH 6], low biosorption of 
Cr(VI) and no reduction was observed at a low MGS 
dose (Fig. 10b), but in this case, a substantial reduc-
tion was noticed as MGS dose raised. Total chromium 
removal was signifi cant, but at doses higher than 0.11 
g/10mL a slight decrease occurred together with a higher 
reduction to Cr(III), indicating that higher doses of MGS 
do not improve total chromium removal. A different be-
havior was observed as the temperature of the MGS-Cr 

Table 1. Pseudo-second-order model’s parameters for total 
chromium biosorption onto GS

Table 2. Pseudo-second-order model’s parameters for total 
chromium biosorption onto MGS

Considering the pseudo-second-order rate constant 
(K2) for the removal of total chromium, for the experi-
ments where GS was used as biosorbent (Table 1), it was 
found that the system at 25oC and pH 6 [GS, 25oC, pH 6] 
presented the lowest value of this constant, producing 
an adverse effect on the equilibrium time of this system 
(94 h). Likewise, a slight increase in the rate constant 
was observed when the pH decreased, system [GS, 25oC, 
pH 2], while the interaction of the two factors, system 
[GS, 45oC, pH 2] caused a signifi cant increase in the rate 
constant; both cases suggest a positive effect on the sorp-
tion kinetics; this was noticeable in shorter equilibrium 
times: 50 h for the system [GS, 25oC, pH 2] and 16 h for 
[GS, 45oC, pH 2] (Fig. 8a and 9a). The highest increase 
in the rate constant occurred in the system [MGS, 45oC, 
pH 6], which suggests that the increase in temperature 
positively and signifi cantly affects the sorption kinetics of 
Cr(VI). Chen et al.49 reported a similar behavior where 
the sorption rate increase was attributed to a lower 
barrier for the redox reaction at higher temperatures. 
However, when comparing the systems using MGS at 
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system increased at highly acidic conditions (Fig. 10c). 
In this system, reduction to Cr(III) was higher at low 
biosorbent doses, which agrees with the fast reduction 
and biosorption observed at the kinetic experiments at 
these experimental conditions. This fact corroborates 
the essential roles that high temperature and low pH 
play in Cr(VI) reduction and total chromium removal; 
however, it can be noticed that reduction decreases as 
MGS dose raises and total chromium removal was en-
hanced (Fig. 10c). The chromium reduction would be 
expected to be greater as the number of electron donor 
groups increases, but in this case, it was observed that 
at higher MGS doses the direct biosorption of Cr(VI) 
was promoted under these experimental conditions. 
This fact confi rms that the mechanism of removal is the 
biosorption of chromate ions followed by its subsequent 
reduction to Cr(III).

Chromium biosorption isotherms
The biosorption isotherms were performed for the 

three systems that had a signifi cant effect on chromium 
sorption kinetics: [GS, 45oC, pH 6], [MGS, 25oC, pH 6] 
and [MGS, 45oC, pH 2]. Total chromium and Cr(VI) 
were evaluated in these experiments. Biosorption raw 
data were fi tted to three different isotherm models, 
through non-linear regression analyses, to establish each 
system’s equilibrium parameters. Freundlich, Langmuir, 
and Langmuir-Freundlich (L-F) models were used to 
fi t Cr(VI) and total chromium biosorption isotherms32. 
Figures 11, 12 and 13 show the results of these bio-
sorption isotherm analyses for the systems evaluated at 
different experimental conditions. For the [GS, 45oC, 
pH 6] system (Fig. 11), a typical behavior was observed 
where sorption capacity increased rapidly at low chro-
mium equilibrium concentrations due to high sorption 
sites availability, and then sorption capacity increased 
gradually as chromium concentrations started to increase. 
The biosorption capacity of Cr(VI) at these experimental 
conditions was 1.64 mg/g GS, and for total chromium, 
it was 2.01 mg/g GS. It is important to mention that in 
this case, there was no signifi cant chemical reduction of 
Cr(VI); therefore, the metal was removed via the anionic 
adsorption mechanism. This behavior is consistent with 
that presented in the analysis of sorption kinetics. The 
L-F model best described isotherm data for both bio-
sorbents. Similar behavior was observed for the system 
[MGS, 25oC, pH 6], but a signifi cant reduction of Cr(VI) 

Figure 10. Eff ect of biosorbent dose on Cr(VI) reduction and 
biosorption at diff erent experimental conditions: a) 
system [GS, 45°C, pH 6], b) system [MGS, 25°C, pH 
6], and c) system [MGS, 45°C, pH 2]

Figure 11. Biosorption isotherms on GS fi tted to Freundlich, Langmuir and Langmuir-Freundlich (L-F) models for a) Cr(VI), and b) Total 
Cr. (pH 6, T = 45°C)
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occurred, and sorption capacities for Cr(VI) and total 
chromium were 4.19 mg/g MGS and 4.42 mg/g MGS, 
respectively (Fig. 12).

For the [MGS, 45oC, pH 2] system, a different behavior 
was noticed since a non-favorable form of adsorption 
isotherm was observed at low solute concentrations, for 
total chromium removal (Fig. 13b); however, a favorable 
adsorption behavior appeared as chromium concentra-
tion increased. This fact indicates that the mechanism 
of Cr(VI) reduction followed by Cr(III) adsorption 
affects adsorption equilibrium signifi cantly at low Cr 
concentrations when using MGS as adsorbent at these 
experimental conditions. Freundlich model was the best 
to describe total chromium isotherm data. This model 
implies heterogeneity of adsorption and predicts an 
increase in the concentrations of adsorbed solute as its 
concentration increases in the solution50; therefore, as 
Cr(VI) reduction occurs, Cr(III) concentration increases, 
and adsorption of this ion occurs on the surface of MGS. 
At higher Cr(VI) concentrations, reduction to Cr(III) 
is favored; hence, adsorption of this ion is enhanced.

Table 3 shows the maximum biosorption capacities 
of various biosorbents51–54, including GS and MGS. In 
general, the biosorption capacities of modifi ed biosor-
bents were higher than that of the unmodifi ed adsor-
bents, particularly for GS and MGS. Compared to other 
biosorbents, GS and MGS showed similar biosorption 
capacities, except for untreated biomass of palm bran-
ches. However, the listed biosorbents (Table 3) do not 
report the reduction of hexavalent chromium, and this 

is an excellent advantage for GS and MGS biosorbents 
since the Cr(III) species is less toxic than Cr(VI).

This study aimed to evaluate the removal of chromium 
removal using acid-modifi ed guava seeds (MGS), deter-
mine basic biosorption parameters in batch systems, and 
the effects of temperature and pH on the reduction and 
biosorption processes. The effi ciency of MGS to reduce 
Cr(VI) and remove it from aqueous solutions has been 
proven in batch systems at different experimental con-

Figure 13. Biosorption isotherms on MGS fi tted to Freundlich, Langmuir and Langmuir-Freundlich (L-F) models for a) Cr(VI), and b) 
Total Cr. (pH 2, T = 45°C)

Figure 12. Biosorption isotherms on MGS fi tted to Freundlich, Langmuir and Langmuir-Freundlich (L-F) models for a) Cr(VI), and b) 
Total Cr. (pH 6, T = 25°C)

Table 3. Comparison of maximum biosorption capacities of 
different materials for Cr(VI) removal
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ditions. The relatively fast kinetics of the reduction-bio-
sorption systems indicate that these systems can remove 
chromium from tannery and electroplating wastewaters 
in a continuous system since the batch systems proved 
to be effi cient at different pH, temperature and con-
centration conditions. However, some other parameters 
that can affect the reduction of Cr(VI) and biosorption 
of chromium (like the presence of other anions, for 
instance) must be evaluated fi rst to determine their 
infl uence on Cr removal in batch systems. Moreover, 
dynamic behavior in a continuous mode (fi xed bed or 
fl uidized bed systems) of this biosorbent to remove Cr 
must also be assessed fi rst to establish its performance, 
leading to scaling up the system if it is suitable.

CONCLUSIONS

Acid-modifi ed guava seeds (MGS) can reduce and re-
move Cr(VI) from aqueous solutions. It has been proven 
that the acid modifi cation of biosorbent enhances Cr(VI) 
removal. There is a high dependence on Cr(VI) reduction 
to pH and temperature and is independent of the type of 
biosorbent used (GS or MGS). A chemisorption process 
was responsible for chromium removal from aqueous 
solutions, involving different functional groups on the 
surface of biosorbent. Cr(VI) removal was relatively 
fast, depending on the systems’ pH and temperature. 
MGS has a signifi cant chromium biosorption capacity 
compared to conventional and unconventional adsor-
bents, with the advantage of Cr(VI) reduction to a less 
toxic chromium species. MGS has a great potential to 
be used as an adsorbent in the treatment of chromium 
polluted real effl uents.
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