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Abstract
BACKGROUND: Chromium (Cr) is widely used in industrial processes and is considered a major source of pollution when
released to the environment. Of particular concern, hexavalent chromium (Cr(VI)) is amongst the most toxic heavy metals
affecting human health and living organisms when fugitive emissions contaminate aqueous environments. Consequently, its
removal and recovery are priorities for environmental remediation in the context of the circular economy. In this study, modiﬁed hydrochar (MHC) was generated by hydrothermal carbonisation of acid-treated (H2SO4) poultry litter (PL) and investigated
for its ability to adsorb Cr(VI) from aqueous solution in batch studies. Recovery of Cr(VI) and the regeneration potential of MHC
were also evaluated.
RESULTS: Results indicated that Cr(VI) adsorption was strongly pH dependent, demonstrating an inverse relationship between
solution pH and Cr(VI) uptake. A maximum adsorption capacity of 26.2 mg g−1 was achieved in 90 min at pH 2. Under optimal
conditions, adsorption kinetics followed a pseudo-second-order kinetic model and the adsorption isotherm ﬁtted most closely
with the Langmuir model. Thermodynamic studies indicated that the adsorption process of Cr(VI) onto the MHC was exothermic and spontaneous. Regeneration studies demonstrated that the MHC can be re-used up to four times without signiﬁcant loss
of capacity to adsorb Cr(VI).
CONCLUSIONS: Modiﬁed PL hydrochar offers potential as a low-cost, environmentally friendly solution for Cr(VI) adsorption in
wastewater treatment applications. The ability of Cr(VI) to desorb from MHC demonstrates strong potential for Cr(VI) recovery
and regeneration of the adsorbent.
© 2021 The Authors. Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).
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INTRODUCTION
Industrial processes account for a signiﬁcant level of both organic
and inorganic pollutant emission to air, soil and water.1,2 In particular, contamination of natural water resources with heavy metals
has become increasingly problematic due to adverse impacts on
the environment, causing serious problems worldwide with a
cumulative and harmful effect on human health.3 While some
heavy metals from natural sources enter the environment, industrial release accounts for the largest proportion.2 Heavy metals
such as Cr, Cd, Hg, As and Pb are harmful to human health4 and
their toxicity to living organisms depends greatly on their biodegradability and bioavailability.5 Chromium (Cr) is a natural element found in soil, animals and plants and in its most stable
form, Cr(III) can be an essential element in human nutrition.6,7 Cr
is also widely used in industrial processes such as leather tanning,
metal polishing, paint manufacturing, electroplating and other

industries, and is considered a major source of environment pollution in waste streams.3,8 Cr(VI) in particular is amongst the most
toxic heavy metals for humans and can be found in high concentrations in the receiving environment due to its mobility.5,9 More
recently, with a shift in emphasis from a linear to a circular economy, the recovery and valorisation of secondary metal resources
have gained increased signiﬁcance for the development of low-
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carbon technologies. In the EU for example annual demand for Cr
in the wind energy sector, identiﬁed as a priority in the EU Strategic Energy Technology plan, is projected to be 10 000 t by 2030.10
This has prompted new research such as Cr recovery from stainless steel slags while carbonating the remaining matrix material
for the production of building materials11 and the development
of new circular business models for low-grade secondary raw
materials, including Cr-rich sludges.12
A range of water treatment and soil remediation processes for
the removal of toxic heavy metals from industrial discharges have
been studied.5,13 Of these, adsorption offers several advantages
such as operational simplicity, high removal efﬁciency, economic
viability and potential re-use and recycling of waste materials.4,8
In this regard, biomass/biowaste and their derivative residues
have been studied as adsorbents for contaminants and have been
shown to be effective for removal of metals from soils and wastewaters.2,5 Waste-derived materials such as low-cost agricultural
biomass, sewage sludge and industrial efﬂuents can be converted
by thermal treatment to biochar or hydrochar to act as effective
adsorbents for a range of metals from wastewater.14,15 While
these biosorbents have different physicochemical characteristics,
their ability to adsorb contaminants from a variety of waste
streams, including heavy metal removal, is mainly attributable to
their surface characteristics, oxygenated functional groups, high
cation-exchange capacity, aromatic carbon structure and high
mineral content.16 They have many advantages over conventional treatment systems (e.g. chemical precipitation,
coagulation–ﬂocculation, ﬂotation and cementation) in that the
feedstocks are naturally occurring, of low cost and readily available in large quantities; however, challenges in their regeneration
and reuse as well as their ability to treat complex waste streams
still remain.16
To improve biomass/biowaste adsorption capacity, many
methods, including chemical modiﬁcation and thermochemical
treatment, have been used to produce adsorbents with high
removal efﬁciencies. Among the thermochemical methods used
for stabilising biowaste, hydrothermal carbonisation (HTC)
involves mixing biomass/biowaste with water and heating the
slurry to treatment temperatures between 180 and 260 °C for residence times ranging from a few minutes to several hours under
self-generated pressure.17 HTC has gained considerable interest
as an effective thermal treatment for the conversion of cheaper
material into valuable products such as hydrochar (HC).18 HC
has several potential applications and can be directly used as a
fuel, for example by converting poultry litter into a solid fuel similar to coal,19 as a soil amendment by increasing its long-term carbon and nutrient content and water retention capacity,20 or as an
adsorbent for environmental remediation such as heavy metal,
phosphate, organic pollutant and pathogen removal from contaminated wastes.21 The chemical and physical properties of HC
as well as its adsorption characteristics differ signiﬁcantly from
that of the starting material.21 The use of HC as an adsorbent for
the remediation of soil and water contaminated with organic
and inorganic contaminants has attracted much interest in recent
years due to its low cost, abundant availability and relative ease of
preparation.22 The efﬁcient removal of contaminants depends on
the properties of HC and pollutants. The adsorption capacity of
the adsorbent largely depends on its morphology and surface
chemistry which are affected by the treatment conditions.21,23
Therefore, selection of the optimum HCs produced at different
treatment conditions is critical. Although HC is characterised by
small pore size and limited surface area,24 it has various surface
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functional groups such as hydroxyl, carboxyl, amino and others
which can play a role in contaminant removal.21 Thus, enhancement of the adsorption properties of HC can be achieved through
modifying its surface functionality, including chemical modiﬁcation, activation and impregnation.7,25 Chemical modiﬁcation is a
very useful method which can provide the desired adsorption
characteristics by forming and/or exposing more active sites.2
Acid modiﬁcation is applied using various oxidants, leading to
more acidic functional groups on the adsorbent surface and the
removal of mineral elements. Treatment of biochar using H2SO4
has been reported in the literature, improving its catalytic activity26 and increasing its capacity for contaminant removal, such
as removal of the antibiotic sulfamethazine frequently found in
soil and water environments27 and removal of Al from acidic
soils.28 Typically, acid modiﬁcation is conducted by treating the
HC in acid solution21 or as in the case of the study reported here,
by treating HC with H2SO4 during the HTC process.
Poultry litter (PL) is a widely available agri-biowaste material
which consists of faeces, dropped feed and feathers and may contain bedding material and other farming waste.29 PL is commonly
used as an agricultural fertiliser to improve soil fertility; however,
some research has been carried out concerning the production
of PL HCs for use as a biofuel and/or fertiliser.17,29 Others have produced and tested HC from PL as an adsorbent without modiﬁcation.23,30 Additionally there are some studies that have shown
that H2SO4 activation enhances the adsorption properties of biochar produced from various feedstocks,27 but to the best of our
knowledge, there is no literature reporting the application of HC
prepared by HTC of PL as an adsorbent for Cr(VI) removal.
In the batch experimental study reported here, we examined
the potential of H2SO4-modiﬁed HC (MHC) prepared from PL to
adsorb Cr(VI) from aqueous solution, focusing on initial solution
pH, Cr(VI) concentrations, contact time and temperature. The
study also examined the regeneration potential of MHC and
recovery of the adsorbed Cr(VI) in the context of a circular economy approach. A key aim was to investigate whether treatment
of the PL-derived HC with H2SO4 had a beneﬁcial effect on its
overall capacity to adsorb Cr(VI).

MATERIALS AND METHODS
Materials
Samples of PL with straw as the bed material were collected from
a commercial poultry farm located near Limerick, Ireland. The collected samples were transferred to the laboratory, prepared
according to BS EN 14780:2011, kept in sealed polyethylene bags
and stored in a freezer until required. The stored samples used for
the experiments were on an as-received basis (ar). Sulfuric acid
(H2SO4; 95.0–97.0%), potassium dichromate (K2Cr2O7), sodium
chloride (NaCl), hydrochloric acid (HCl; 37%) and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich.
Adsorbent preparation
The HC used was produced following a typical HTC process and
the details of the experimental procedure can be found elsewhere.24 Brieﬂy, the experiments were carried out using an 8.0 L
Parr stirred pressure reactor ﬁtted with a removable glass liner.
An electric heater was used to supply the heat to maintain the
temperature of the reactor. The heating and cooling rates were
the same for each experiment as the same reactor was used for
all experiments. The PL (ar) (202.9 g) with a moisture content of
37.3% was loaded into the glass liner with 1 L of distilled water.
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The suspension was thoroughly mixed for 30 min and then the pH
was adjusted to pH 2 using concentrated H2SO4. The glass liner
containing the suspension was placed into the stainless steel
reactor, sealed and purged with N2, and the stirring started. The
reactor was then heated to 250 °C using a PID controller; the reactor pressure was not controlled but was monitored during the
experiments. When the desired temperature was reached inside
the reactor, the 2 h residence time was initiated. After the target
residence time was achieved, the heating was turned off and
the reactor was rapidly cooled to room temperature by immersion
in a cold water bath. The reactor was vented of gases at ambient
temperature and MHC was recovered as a solid residue by vacuum ﬁltration, followed by drying at 105 °C overnight. For comparison, HC was also prepared with no acid added through the
same experiment steps. Each experiment was carried out in duplicate and the HC samples were crushed to <0.75 mm and homogenised before being used as an adsorbent.
Adsorbate preparation
Test solutions of Cr(VI) adsorbate (1000 mg L−1) were prepared by
dissolving exact quantities of analytical-grade K2Cr2O7 (Aldrich) in
deionised water. The solutions used in the subsequent experiments were obtained from serial dilution of the stock solution
and their pH values adjusted using 0.1 mol L−1 NaOH or HCl
solutions.
Characterisation methods
All measurements were carried out in triplicate and the mean
values with standard deviations (SDs) reported. Moisture content
of the HC was determined by the mass loss of a sample at 105 °C
(IS EN 14774-3:2009) and its pH measured according to ASTM
D2976-71. The textural properties were evaluated using N2
adsorption–desorption isotherms at 77 K with an automatic volumetric system (Quantachrome Instruments). Fourier transform
infrared (FTIR) spectra were obtained for HC, MHC and Cr(VI)loaded MHC using a Cary 630 FTIR spectrometer in the wavenumber range from 4000 to 500 cm−1. Surface morphologies were
investigated via scanning electron microscopy (SEM) with a Hitachi S-2700. The concentrations of Cr ions were determined using
inductively coupled plasma optical emission spectroscopy (ICPOES) with an Agilent Technologies 5100 ICP-OES and solution
pH was measured using a SparkVue 4.1.0 pH meter.
Point of zero charge measurement
The points of zero charge (pHpzc) of MHC and HC were determined using a 50 mL centrifuge tube containing 30 mL of
0.05 mol L−1 NaCl. The initial pH in each tube was adjusted to
between 2 and 10 by adding either 0.1 mol L−1 NaOH or
0.1 mol L−1 HCl before the introduction of 0.1 g of adsorbent.2
The suspensions were then shaken for 24 h in an orbital shaker
(IKA 130 Basic) at 293 K, and the ﬁnal pH of the solutions was
determined. The difference between the initial and ﬁnal pH values
was plotted against the initial pH. The pHpzc is the point of intersection of the resulting curve with the abscissa.

contact time, the pH was measured and the solutions were ﬁltered through a 0.45 μm syringe ﬁlter. The ﬁltrate concentration
of Cr ions was determined using ICP-OES. The controls consisted
of an adsorbate solution without adsorbent and adsorbent without adsorbate. The adsorption capacity (qe, mg g−1) of
Cr(VI) was obtained using Eqn (1)2:

qe =


C o −C e
V
m

ð1Þ

where Ce and Co are the equilibrium and the initial
Cr(VI) concentrations (mg L−1), respectively, V is the volume of
solution (L) and m (g) is the dry mass of the adsorbent.
Solution pH
The effect of pH on the uptake of Cr(VI) onto HC and MHC was
explored in the pH range 2–9 using 30 mL of 55 mg L−1
Cr(VI) stirred for 24 h with an adsorbent dosage rate of 2 g L−1
at 293 K.
Adsorption isotherms
The initial Cr(VI) concentration optimisation was carried out using
30 mL solutions of Cr(VI) with concentrations ranging from 1 to
500 mg L−1 at pH of 2 stirred for 24 h with an adsorbent dosage
of 2 g L−1 at 293 K.
Adsorption kinetics
Adsorption of Cr(VI) onto MHC was conducted as a function of
contact time between 5 min and 48 h at pH 2 using 2 g L−1
MHC in 30 mL of 55 mg L−1 adsorbate solution which was stirred
at 293 K.
Adsorption thermodynamics
The impact of temperature on the Cr(VI) adsorption onto MHC
was examined at 293, 323 and 348 K using 30 mL of 55 mg L−1
Cr(VI) solution at pH 2, stirred for 24 h with an adsorbent application of 2 g L−1.
Ionic strength
The effect of ionic strength was investigated by dispersing 2 g L−1
of the adsorbent into 30 mL of 55 mg L−1 Cr(VI) at pH 2 and the
suspension was stirred for 24 h containing various concentrations
of NaCl (0.00, 0.05 and 0.1 mol L−1), at 293 K.
Desorption and regeneration experiments
To determine the reusability of the adsorbents, consecutive
adsorption–desorption cycles were studied. Based on adsorption
results which indicated that the adsorption of Cr(VI) depended on
the solution pH, the use of pH-adjusted distilled water was chosen
for desorption of adsorbate from MHC. Distilled water adjusted to
pH 12 using 0.1 mol L−1 NaOH solution was used to desorb the
Cr(VI) ions. The adsorption experiment was conducted using the
same protocol described above under optimal conditions; however, the desorption experiment was conducted using a mixture
of 2 g of Cr(VI)-loaded MHC and 30 mL of pH-adjusted distilled
water (pH 12). After shaking at 293 K for 24 h on an orbital shaker
(IKA 130 Basic), the solution was ﬁltered and the adsorbent was
washed several times with distilled water until it became neutral,
followed by oven-drying at 105 °C and then subjected to the
adsorption process again.
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Batch adsorption experiments
MHC samples were applied as adsorbents for Cr(VI) removal using
batch experiments to determine the most suitable adsorption
conditions. The studies were carried out in 50 mL centrifuge tubes
on an orbital shaker (IKA 130 Basic) at various pH, contact time,
adsorbent dosage, initial adsorbate concentration, ionic strength
using NaCl and temperature. After shaking for the selected
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RESULTS AND DISCUSSION
Adsorbent characterisation
The structural characteristics (based on FTIR, SEM and Brunauer–
Emmett–Teller analyses) of the MHC and HC used in this study,
as well their proximate and ultimate analyses, have previously
been reported24 and relevant results are summarised in Table 1.
Surface morphology and chemistry are known to signiﬁcantly
inﬂuence the effectiveness of adsorbent materials.31 Morphological analyses indicated that the surface area (3.5 m2 g−1), pore size
(1.7 nm) and pore volume (0.06 cm3 g−1) of MHC were lower than
those of HC (Table 1). Elemental analysis of MHC revealed that several important cations such as Al, Fe, Ca and Mg were found in relatively high concentrations (Table 1), suggesting that ion
exchange might be an important factor in the adsorption process.
SEM images of HC and MHC (Fig. 1) indicated the presence of
spherical aggregates on rough surfaces which comprised heterogeneous pores and cavities. It appeared that acid treatment of the
MHC resulted in a rougher and more irregular surface than that of
the HC with different shapes of wrinkles and cavities, exposing
more adsorption sites for metal binding.
The FTIR spectrum of HC (Fig. 2) showed a broad O H vibration band between 3500 and 3100 cm−1, aliphatic and aromatic
C H stretching bands between 3100 and 2850 cm−1 with C═C
aromatic stretching bands evident at 1600 and 1440 cm−1.1,32
However the intensity of these peaks signiﬁcantly deceased
for MHC, indicating changes in surface chemistry. In addition,
several noticeable differences in the FTIR spectra between HC
and MHC were observed in the ﬁngerprint region. Peaks presented at 1063 and 1019 cm−1 (C═O) for HC1,28; however, in
the case of MHC these were narrower and shifted to higher frequencies, 1156 and 1100 cm−1, indicating that sulfoxide groups
were formed.24 Additionally new peaks for MHC appeared at
around 1250 and 676 cm−1 which could be attributed to the
stretching vibration of SO3 and mineral compounds.8,24,33
The FTIR spectrum of Cr(VI)-loaded MHC (Fig. 2) showed broadened peaks at 1156 and 1100 cm−1 corresponding to sulfoxide
groups, while the peaks at 1250 and 676 cm−1 disappeared,
indicating interaction with the Cr(IV) species. Thus, structural
changes after loading Cr(VI) into the composite MHC suggested
that the surface functional groups play a key role in
Cr(VI) adsorption.
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Optimisation of adsorption conditions
Solution chemistry such as pH and ionic strength, together with
process conditions such as contact time, initial adsorbate concentration, adsorbent dosage and temperature are important factors
that control adsorption processes.2 Thus, their effects on
Cr(VI) removal were assessed and optimised.
Effect of solution pH
It is expected that treatment of HC with H2SO4 will lead to the formation of both sulfonyl groups and potentially a number of oxygen and nitrogen moieties on the HC surface.34 Elemental
composition evidence (Table 1) indicates a sulfur elemental composition of 4.4 wt% and nitrogen of 4.9 wt% on the MHC material,
most likely this indicating the formation of sulfonyl groups and a
variety of more basic nitrogen moieties on the MHC surface. Further evidence of the formation of sulfonyl sites is provided via
the FTIR results where new peaks at around 1250 and 676 cm−1
were observed for MHC which could be attributed to the stretching vibration of SO3 and mineral compounds.8,24,33 Also, the
presence of the SO3H functional group was identiﬁed by the
stretching vibration of S═O bond at ca 1156 and 1019 cm−1.
Nitrogen-based surface functionalities can be seen with the presence of a broad FTIR peak with midpoint at approximately
3300 cm−1 potentially indicating the presence of a basic amide
surface functionality.34 Following the adsorption process in the
current work, in the FTIR spectrum of Cr(VI)-loaded MHC (Fig. 2)
the speciﬁc peaks at 1250 and 676 cm−1 disappeared, indicating
interaction with the Cr(VI) adsorbed species. The measured
adsorption capacities (qe) of HC and MHC at pH 2 were 9.6 and
21.7 mg g−1, respectively, but decreased sharply and converged
as the solution pH increased resulting in almost no adsorption
at pH 6 (Fig. 3(A)). This is consistent with other batch studies
which also reported maximum Cr(VI) adsorption in acidic environments8,35,36 and can be explained by considering the surface
charges of the adsorbents and the Cr(VI) adsorbate species.2 The
surface charge of an adsorbent is determined by pHpzc where an
adsorbent surface is neutral at pH = pHpzc, but develops a positive
charge at pH < pHpzc and a negative charge at pH > pHpzc.2
Therefore at pH 2 both HC and MHC had positive surface charges;
however, as solution pH increased, the positive charges reduced
and became negative3 once the pH values increased above their

Table 1. Structural parameters and chemical composition of PL-derived HC and MHC used in this study (n = 3)
Parameter
2

−1

Surface area (m g )
Pore size (nm)
Pore volume (cm3 g−1)
pH
Ash (% w/w on dry basis)
Elemental composition (% w/w on dry basis)
C
S
N
Mg
Ca
P
Fe
Al

HC

MHC

Ref.

7.1
4.4 ± 0.6
0.07
7.4 ± 0.1
30.2 ± 0.5

3.5
1.7 ± 0.1
0.06
5.0 ± 0.3
22.7 ± 0.0

17

51.4 ± 0.2
0.4 ± 0.0
5.1 ± 0.0
0.1 ± 0.0
8.8 ± 0.0
4.8 ± 0.9
0.19 ± 0.0
0.64 ± 0.0

56.2 ± 0.5
4.4 ± 0.0
4.9 ± 0.0
0.1 ± 0.0
6.3 ± 0.6
1.7 ± 0.1
0.20 ± 0.0
0.75 ± 0.0

22

4
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Figure 1. Morphology of HCs observed from SEM images of (A) PL-derived HC and (B) MHC.17

Figure 2. FTIR spectra of HC, MHC and Cr(VI)-loaded MHC (Cr-MHC).

respective pHpzc (pH 7.4 and 5.9) (Fig. 3(B)). In addition, the main
ionic forms of chromate at acidic pH (pH 1.0–6.8) are hydrogen
chromate (HCrO4−) and dichromate (Cr2O72−) with chromate
(CrO42−) being predominant at pH > 6.8 and this results in an
electrostatic attraction to the positively charged groups present
on the adsorbent surface.25,37 In contrast, increasing solution pH
led to a decrease in the Cr(VI) uptake due to the deprotonation
of surface functional groups, along with competition between
the Cr(VI) ions and the OH− ions to occupy the active sites.5,38
Given the enhanced adsorption of Cr(VI) onto MHC at pH 2

(Fig. 3(A)), no further adsorption experiments were carried out
on the HC, and the remainder of this study focused on
Cr(VI) removal by MHC using a pH 2 solution as optimal.
Based on the evidence, it appears that the principal binding process is one of an electrostatic interaction between the sulfonyl
moieties and the binding Cr(VI) species. A variety of potential
mechanisms for Cr(VI) adsorption have been presented in the literature.39-41 At low Cr(VI) adsorbate concentrations
(<100 mg L−1), it is expected that straight Cr(VI) adsorption would
occur and that there would be a lower probability of

5
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Figure 3. Effect of solution pH on (A) Cr(VI) adsorption by HC and MHC and (B) zero point charge (pHpzc) of HC and MHC at 293 K. Error bars indicate ±1
SD, n = 3.
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Figure 4. Plots of (A) initial Cr(VI) concentration versus adsorption (qe) onto MHC, (B) Langmuir, Freundlich and Sips isotherm models ﬁtted to adsorption
data and (C) Langmuir separation factor (RL) versus initial Cr(VI) concentration. All experiments (n = 3) were carried out at 293 K and pH 2. Error bars indicate ±1 SD, n = 3.

Cr(VI) reduction to Cr(III) occurring.39 This would be expected at
the lower Cr(VI) initial concentrations in the adsorption isotherms
(Fig. 4(A)). At higher Cr(VI) concentrations, a second suggested
adsorption mechanism may apply where the reduction of
Cr(VI) to Cr(III) may occur as a result of contact between
Cr(VI) and some surface functional groups that act as electron
donors.15,39 As the adsorption solution pH increases, the surface
sites on the MHC are likely to become more basic and ultimately
negatively charged and this could potentially stimulate a reduction of adsorbed Cr(VI) to its Cr(III) form. As part of a third suggested mechanism, a three-step surface interaction may occur
starting with Cr(VI) adsorption, then Cr(VI) reduction to Cr(III)
and ﬁnally desorption and re-solubilisation of the Cr(III) in solution. This mechanism is most likely to occur as the adsorption
solution pH rises and is evidenced by a signiﬁcant drop in
Cr(VI) adsorbed.39

6

Effect of initial adsorbate concentration and adsorption
isotherms
The adsorption of Cr(VI) onto MHC increased quickly as
Cr(VI) adsorbate concentration increased, reaching 18.4 mg g−1
at 55 mg L−1 Cr(VI) (Fig. 4(A)). This rapid increase was likely due
to the availability of multiple unoccupied active sites on the surface of MHC3 which became saturated and unavailable at higher

wileyonlinelibrary.com/jctb

initial Cr(VI) concentration. In addition some of the low-energy
adsorbent sites may have been mobilised by the increasing
Cr(VI) ion concentration in aqueous solution. By observation, an
optimum initial Cr(VI) concentration of 55 mg L−1 was selected
for experiments relating to kinetics, thermodynamics, ionic competition and regeneration.
A plot of adsorption (qe) versus equilibrium Cr(VI) concentration
(Ce) represented a Type I isotherm to which the two-parameter
Langmuir and Freundlich models and the three-parameter Sips
model (Eqns (2)–(4) respectively) were ﬁtted using nonlinear analysis1,2 (Fig. 4(B)):
qm K L C e
1 +K L

ð2Þ

qe =K F C e1=n

ð3Þ

K s C ⊎es
qe =
1+⊍s C ⊎es

ð4Þ

qe =

where qe and qm (mg g−1) are the experimental and the maximum saturated monolayer adsorption capacities respectively, Ce
(mg L−1) is the equilibrium Cr(VI) concentration in solution, KL
(L mg−1) is the Langmuir constant relating to the adsorption
energy, KF (L g−1) and n are Freundlich constants relating to
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adsorption capacity and adsorption energy respectively, Ks (L g−1) and
⊍s (L mg−1) are the Sips isotherm model constants and ⊎s is the Sips isotherm model exponent.42-44 The Redlich–Peterson model was also
ﬁtted to the data; however, the optimum (dimensionless) g value for
this model was found to be 1 and therefore reduced to the Langmuir
isotherm model,45 which together with the Sips model were found to
be the best ﬁts (Table 2; Fig. 4(B)).
The maximum adsorption capacity (26.2 mg g−1) was higher than
that reported using apple wood biochar (ca 9 mg g−1)46 and using
Zn- and Al-modiﬁed bamboo sawdust HCs (14 and 12.3 mg g−1
respectively)47 under similar experimental conditions but lower than
that for KOH-modiﬁed eucalyptus sawdust biochar (up to
45.9 mg g−1).48 The Freundlich model indicated favourable adsorption (i.e. n > 1) of Cr(VI) onto MHC49 and because of the very strong
correlation of the Langmuir model with the data, this was further
investigated using a dimensionless separation factor (RL)50:
RL =

1
ð1 +K L C 0 Þ

where KL is the Langmuir equilibrium constant (L mg−1) and C0
(mg L−1) is the initial Cr(VI) concentration. The separation factor
indicates whether the adsorption is irreversible (RL = 0), linear
(RL = 1), favourable and reversible (0 < RL < 1) or unfavourable (RL > 1).1
The concave shape of the plot of initial Cr(VI) concentration (C0)
versus measured adsorption rates (Fig. 4(A)) indicates favourable
and reversible adsorption38 and this is conﬁrmed by the rapidly
decreasing values of RL < 1 (0.90 to 0.02) with increasing C0
(Fig. 4(C)).
Effect of contact time and adsorption kinetics
The adsorption of Cr(VI) onto MHC (pH = 2, 293 K) proceeded at a
rate of 0.035 mg g−1 min−1 in the ﬁrst 6 h until it reached an
uptake of 12.7 mg g−1. Between 6 and 24 h the average adsorption rate reduced to 0.007 mg g−1 min−1 to reach an uptake of
19.7 mg g−1. The adsorption rate slowed considerably to just
0.001 mg g−1 min−1 between 24 and 72 h, likely due to increased
saturation of all the available active sites with Cr(VI) ions, where it
reached an equilibrium of 22 mg g−1 (Fig. 5). On this basis a contact time of 24 h, when most of adsorption took place, was used
for all subsequent batch experiments.
To evaluate the kinetics of Cr(VI) adsorption onto MHC, the
pseudo-ﬁrst-order (PFO)51 and pseudo-second-order (PSO)52
models (Eqns (6) and (7) respectively) were ﬁtted to the experimental data and the kinetic parameters were determined by nonlinear regression (Fig. 5). The best ﬁt of the models was
established using the coefﬁcient of determination (R2) and the
chi-squared (χ 2) value (Table 3):

ð5Þ

Table 2. Langmuir, Freundlich and Sips isotherm model constants,
and statistical parameters of Cr(VI) adsorption onto MHC. All experiments were carried out at pH 2 and 293 K
Model

Parameter

Value

−1

Langmuir

qm (mg g )
KL (L mg−1)
R2
χ2
KF (mg g−1)/(mg L−1)
n
R2
χ2
Ks (L g−1)
⊍s (L mg−1)
⊎s
R2
χ2

Freundlich

Sips

26.21
0.122
0.998
0.691
6.825
4.221
0.859
11.662
2.484
0.097
1.148
0.999
1.294



qt =qe 1 –e−k1 t
qt =

ð6Þ

k 2 q2e t

ð7Þ

1 +k 2 qe t

where qt (mg g−1) and qe (mg g−1) are the adsorption capacities
of Cr(VI) at time t (min) and equilibrium, respectively, and k1
(min−1) and k2 (g mg−1 min−1) are the kinetic rate constants of
the PFO and PSO models, respectively.
The PSO model had a higher R2 and lower χ 2 than the PFO
model (Table 3) and was thus a better ﬁt to the experimental data.
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Figure 5. Adsorption kinetics of Cr(VI) onto MHC at 293 K and solution pH 2 with ﬁtted pseudo-ﬁrst-order and pseudo-second-order models. Error bars
indicate ±1 SD, n = 3.
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considered negligible as a rate-limiting process.45 Therefore in
order to elucidate between ﬁlm and intraparticle diffusion, a linearised form of the intraparticle diffusion model53 (Eqn (8))
was used:

Table 3. Kinetic and statistical parameters of Cr(VI) adsorption onto
MHC for pseudo-ﬁrst-order and pseudo-second-order models. All
experiments were carried out at pH 2 and 293 K, n = 3
Model

Parameter

Value

−1

Pseudo-ﬁrst-order kinetics

Pseudo-second-order kinetics

Intraparticle diffusion

Boyd

B Ghanim et al.

qe (mg g )
k1 (min−1)
R2
χ2
qe (mg g−1)
k2 (g mg−1 min−1)
R2
χ2
ki1 (mg g−1 min-1/2)
⊍i1 (mg g−1)
R12
ki2 (mg g−1 min-1/2)
⊍i2 (mg g−1)
R22
R2 (0 ≤ t ≤ 6 h)

qt =k i t1=2 +⊍

20.32
−0.0025
0.946
13.630
22.91
0.0001
0.969
5.641
0.654
0.197
0.973
0.224
9.066
0.809
0.960

This suggests that multiple removal mechanisms such as ion
exchange, electrostatic attraction and surface complexation may
be involved in the removal process, consistent with previous
ﬁndings.46
However while the PSO model describes the kinetic data, it does
not provide sufﬁcient insight into the adsorption mechanisms.
The four main adsorption mechanisms are (i) bulk transport – this
occurs instantaneously and is generally considered negligible as a
rate-limiting process; (ii) ﬁlm diffusion – this is the transfer of solutes through a hydrodynamic boundary layer via a concentration
gradient onto the surface of the adsorbent; (iii) intraparticle diffusion – once on the boundary of the adsorbent, the solutes diffuse
along and into the pores of the adsorbent, provided they are sufﬁciently large; and (iv) adsorptive attachment – this is attachment
of the molecules to the pores which occurs very quickly and is also

(A)

ð8Þ

where ki (mg g−1 min−1/2) is the intraparticle diffusion rate constant and ⊍ (mg g−1) is the equilibrium constant associated with
the boundary layer thickness.45,53 If a straight line intercepts the
origin in a plot of qt versus t1/2, then only intraparticle diffusion
controls the adsorption process; however, if multiple linear
regions are indicated then adsorption is controlled by multistage
mechanisms. In this study two linear regions were identiﬁed
(Fig. 6(A)) indicating that at least two steps inﬂuenced the adsorption process. The ﬁrst linear region (t ≤ 360 min), representing ﬁlm
diffusion, occurs at a higher rate than the second region which
represents intraparticle diffusion (ki1 > ki2) (Table 3). This may be
due to the initially high concentration gradient which reduces
with time as MHC becomes saturated with Cr(VI) ions. In addition
the equilibrium constant for the second region is higher than that
for the ﬁrst region (⊍i2 > ⊍i1) (Table 3), indicating that boundary
layer effects become more limiting as time increases.54,55
To establish whether ﬁlm diffusion or intraparticle diffusion is
the rate-limiting step for adsorption of Cr(VI) onto MHC, the Boyd
model56 was used (Eqns (9) and (10)). This model assumes that the
adsorption process is governed by intraparticle diffusion if a plot
of Bt against time is linear and passes through the origin; otherwise ﬁlm diffusion governs the sorption process:
π2
−lnð1−F ðtÞÞ,for F ðtÞ>0:85
6
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!2
pﬃﬃﬃ
π 2 F ðtÞ
,for F ðtÞ ≤ 0:85
Bt =
π − π−
3
Bt =−ln

ð9Þ
ð10Þ

where Bt is Boydʼs number and F(t) = q/qe at time t.
A plot of the Boyd model (Fig. 6(B)) shows that at t ≤ 6 h, the plot
is linear and passes through the origin, indicating that

(B)
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Figure 6. (A) Intraparticle diffusion model and (B) Boyd model for adsorption of Cr(VI) onto MHC at 293 K and solution pH 2. Error bars indicate ±1
SD, n = 3.
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Figure 7. (A) Uptake of Cr(VI) versus temperature onto MHC using 30 mL of 55 mg L Cr(VI) solution at pH 2 and MHC application rate of 2 g L−1.
(B) Arrhenius plot for adsorption of Cr(VI) onto MHC in the range 293–348 K. Error bars indicate ±1 SD, n = 3.

Table 4. Thermodynamic parameters of adsorption of Cr(VI) onto MHC
Thermodynamic parameters

293
323
348

Kc

ΔG° (kJ mol−1)

ΔH° (kJ mol−1)

ΔS° (J mol−1 K−1)

3.17
6.18
14.96

−2.75
−4.82
−7.83

23.81

90.07

intraparticle diffusion is rate limiting for this period. Thereafter
ﬁlm diffusion governs the process as the model becomes nonlinear at t ≥ 6 h. The rate-limiting process can also be viewed from
the perspective of solute concentration. The equilibrium Cr(VI)
concentration at t = 5 min was 53 ± 0.16 mg L−1 and this
reduced to 29 ± 1.81 mg L−1 after 360 min. It can be postulated
therefore that above a critical equilibrium concentration of
30 mg L−1 Cr(VI), intraparticle diffusion is rate limiting, reﬂective
of the high concentration gradient, while below this equilibrium
concentration ﬁlm diffusion becomes rate limiting, reﬂective of
the reduced concentration gradient.55,56

25
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Temperature (K)

15
10
5
0

Effect of temperature and adsorption thermodynamics
The biosorption of Cr(VI) onto MHC increased moderately and linearly from 20.76 to 25.42 mg g−1 as the solution temperature
increased from 293 to 348 K, indicating an endothermic process
(Fig. 7(A)). The higher temperature may have increased the mobility of Cr(VI) ions, facilitating their adsorption onto active sites of
MHC7 while elevated temperatures may also help to generate
and expose more functional groups, increasing the ability of
MCH to adsorb Cr(VI).57
To further examine the effects of temperature on the adsorption
of Cr(VI) onto MHC, changes to the thermodynamic parameters of
Gibbs free energy ΔG° (kJ mol−1), enthalpy ΔH° (kJ mol−1) and
entropy ΔS° (J mol−1 K−1) were established (Eqns (11)–(14)):
Kc =

C 0 −C e
Ce

ΔG°= −RT lnK c

ð11Þ
ð12Þ

0.00

0.02

0.04

0.06

0.08

0.10

0.12

-1

NaCl (mol L )
Figure 8. Effect of NaCl addition on adsorption of Cr(VI) solution onto
MHC. All experiments were carried out using 30 mL of 55 mg L−1
Cr(VI) at pH 2 mixed with varying concentrations of NaCl (0.00, 0.05 and
0.1 mol L−1), at 293 K and stirred with 2 g L−1 MHC for 24 h. Error bars indicate ±1 SD, n = 3.

ΔG°= ΔH°−TΔS°

ð13Þ

ΔS° ΔH°
−
R
RT

ð14Þ

lnK =

where Kc is the thermodynamic equilibrium constant, C0 and Ce
are the initial and equilibrium Cr(VI) concentrations (mg L−1)
respectively, T (K) is the temperature of the adsorption process
and R (8.314 J mol−1 K−1) is the universal gas constant. The values
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Table 5. Adsorption–desorption cycles of Cr(VI) onto MHC. All experiments (n = 3) were carried out at 293 K with adsorption at pH 2 and desorption
at pH 12
Cr(VI) concentration (mg L−1)
Cycle no.
Initial
Regeneration 1
Regeneration 2
Regeneration 3
Regeneration 4

Initial

Final

Cr(VI) adsorption (mg g−1)

55.83 ± 0.82
55.27 ± 1.12
56.12 ± 1.38
55.29 ± 1.27
55.83 ± 1.16

10.03 ± 0.07
3.07 ± 0.02
4.69 ± 0.63
14.39 ± 0.18
16.55 ± 0.22

22.26 ± 0.40
23.83 ± 0.19
24.41 ± 0.30
20.59 ± 0.14
19.21 ± 0.69

of ΔH° and ΔS° were obtained from the slope and intercept,
respectively, of a plot of ln K versus 1/T (van't Hoff equation)1,2
(Fig. 7(B); Table 4).
The ΔG° values for the adsorption of Cr(VI) onto MHC were
negative and decreased with temperature, indicating that the
adsorption process was spontaneous (i.e. occurs without an
external energy input) and the removal efﬁciency was favoured
at high temperature.2 The positive values of ΔH° conﬁrmed the
endothermic nature of the adsorption22 while the low enthalpy
change (ΔH° < 40 kJ mol−1) suggested that the adsorption of
Cr(VI) onto MHC was a physisorption process.2 The entropy change
was positive (ΔS° = 90.07 J mol−1 K−1) indicating that adsorption of
Cr(VI) onto MHC became more random during the adsorption
process.22
Effect of ionic strength
Adsorption is inﬂuenced by electrostatic interactions between the
adsorbent surface and adsorbate ions and this may be affected by
competing species, such as NaCl, which typically exist in signiﬁcant quantities in contaminated water.7 Increasing NaCl concentrations in the Cr(VI) adsorbate from 0.0 to 0.1 mol L−1 led to a
nonlinear decrease in the adsorption capacity of Cr(VI) from 20.8
to 8.5 mg g−1 (Fig. 8). This is probably due to competition
between Na+ ions and positively charged adsorbent sites for the
negatively charged Cr(VI) ions.58 In addition the Na+ could hinder
the electrostatic attraction between the charges on the adsorbent
and Cr(VI) ions in solution and conﬁrms the role of electrostatic
attraction in the adsorption of Cr(VI) onto MHC. A similar observation was reported in a study of the effect of background electrolyte cations (Na+, K+, Ca2+ and Mg2+) on the adsorption of Cr(VI)
onto ⊎-cyclodextrin/poly(L-glutamic acid)-modiﬁed ramie biochar.
This was attributed to the presence of cations hindering the electrostatic interaction between active sites on the biochar surface
and Cr(VI) ions and the competition between Cr(VI) and Cl− for
adsorption sites.59
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Regeneration and reuse
While adsorption of Cr(VI) using MHC is environmentally beneﬁcial, desorption is an additional step not only for Cr(VI) recovery
but also to assess the reusability of MHC. The adsorption–
desorption cycle was repeated four times with results indicating
consistent removal rates over all cycles (Table 5). The ability of
Cr(VI) to desorb from MHC further supports the ﬁnding that it is
loosely bound on the surface, indicating that MHC demonstrates
reasonable regeneration and reusable potential for the adsorption of Cr(VI).

wileyonlinelibrary.com/jctb

CONCLUSIONS
MHC was effective at removing Cr(VI) from aqueous solution. The
maximum adsorption capacity (26.2 mg g−1) was achieved at a
solution pH of 2 and was well ﬁtted with the Langmuir isotherm
model. The kinetic data followed the PSO model indicating that
electrostatic interactions, ion exchange and redox processes
might be involved in the removal process. The Cr(VI) ions were
ﬁrst adsorbed onto the MHC surface by electrostatic attraction
between Cr(VI) ions mainly in the form HCrO4− and protonated
functional groups at low pH. At the same time, adsorbed
Cr(VI) reduced partly to Cr(III) cations by the electron-donor
groups which increased its positive charge, leading to further
increase in the electronic attraction between Cr(VI) ions and functional groups. This explained the optimal acid condition (pH 2) for
Cr(VI) adsorption. The relatively rapid initial uptake coupled with
its potential for regeneration indicated that this biosorbent is a
promising low-cost, environmentally friendly means of removing
Cr(VI) from contaminated waters while simultaneously providing
an alternative outlet for highly polluting PL. However, further
studies, such as a lifecycle assessment, would be required to
determine its overall environmental, ecological and economic
impacts prior to large-scale production.
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