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a b s t r a c t
This manuscript demonstrates the ability to remove toxic hexavalent chromium species from 
aqueous solutions through adsorption in batch system using a cost-effective raw sludge (RS). 
The physico-chemical properties of the raw sludge were evaluated by scanning electron micro-
scope/energy-dispersive X-ray spectroscopy, Fourier-transform infrared spectroscopy, X-ray 
diffraction analysis, thermogravimetric analysis, and X-ray fluorescence. The RS was found to be 
rich in amines and carboxylic groups, which may induce strong surface interactions with Cr(VI) 
ions in the solution and exhibit a porous morphology suitable for the fixation of Cr(VI) ions. The 
effects of adsorbent amount, contact time, initial Hexavalent chromium [Cr(VI)] concentration, pH 
and temperature on the adsorption of Cr(VI) were studied. Under the optimized operating condi-
tions (initial Cr(VI) concentration = 20 mg/L, pH = 2, contact time = 60 min, temperature = 30°C) 
produced a maximum removal rate of 80.9% and maximum adsorption capacity of 9.84 mg/g. The 
equilibrium data fitted well to the Langmuir and Dubinin–Radushkevich adsorption isotherm 
models. The kinetic data showed good compliance with a pseudo-second-order rate model. The 
thermodynamic parameters indicated that the Cr(VI) removal by RS is an endothermic process 
with positive entropy was feasible spontaneously by an increase in the temperature. Based on the 
obtained results, the tested waste product sewage sludge can provide a low-cost means for the 
removal of Cr(VI) from synthetic effluents.
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1. Introduction

Industrial effluents discharged in water bodies are the 
major source of water pollution that contribute to global 
water scarcity. Water contamination is a great concern to 
ecosystems and human health [1]. Heavy metal ions are com-
mon and challenging contaminants because of their toxic 

and bio-accumulative natures [2]. A highly hazardous one 
is hexavalent chromium [Cr(VI)], which is mainly generated 
from metallurgy, metal processing, leather tannery, battery 
industries, dyeing, and electroplating [3,4]. High exposure 
to Cr(VI) has been linked gastric pain, nausea, vomiting, 
severe diarrhea, hemorrhaging, as well as cancer in the 
digestive tract and lungs [5,6].
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Treatment of Cr(VI) in industrial wastewater is achiev-
able through multiple processes including chemical 
reduction and precipitation [7,8], membrane filtration 
[9], photo-reduction [10], and electrochemical methods 
like electrocoagulation [11], electro-dissolution [12], elec-
tro-chemical reduction [13] and adsorption [14]. An overview 
of the advantages and disadvantages of these Cr(VI) removal 
techniques is available from Owlad et al. [15]. Prominent 
among these techniques, is adsorption, which has been 
found to be superior to other techniques for wastewater in 
terms of flexibility and simplicity of design, low cost, ease of 
operation and lack of sensitivity to toxic pollutants [16]. The 
most studied adsorbent for chromium is activated carbon 
[17], however, activated carbon is not particularly cost-effec-
tive for large-scale pollution [18]. Thus, a similar but lower 
cost, high-efficiency and eco-friendly adsorbent is needed. 
This has led to exploration of various natural and synthetic 
adsorbents as alternatives for chromium removal [14].

In recent years, the management of sewage sludge has 
become a significant issue in environmental engineering due 
to the enormous quantities generated and the associated dis-
posal costs and constraints. In Algeria alone, about 550 tons 
of dry sludge is produced daily, and the production rate is 
expected to increase, because of more stringent criteria for 
treatment of wastewater plant effluents and the construc-
tion of new wastewater treatment plants to accommodate an 
increasing population. As a sustainable approach to mitigate 
these effects, current trends have indicated a progressive 
drive towards sewage sludge reuse as beneficial material [19].

Numerous research has explored using wastewater 
activated sludge for elimination of chromium with prom-
ising results [20–23]. Using wastewater sludge as a raw 
material offers the dual benefits of reduction in the sludge 
volume and production of an effective adsorbent with a 
lower cost than commercial activated carbons. However, 
reported use of natural sewage sludge as an adsorbent of 
Cr(VI) ions is less common. Gorzin et al. [24] used paper 
mill sludge and Qi et al. [25] used sewage sludge. Notably, 
sludge composition depends on several factors includ-
ing wastewater origin, applied treatment, and sampling 
period. All directly influence the physicochemical charac-
teristics. Consequently, current work first characterizes the 
available, Algerian sewage sludge via X-ray fluorescence, 
X-ray diffraction analysis, a scanning electron microscope, 
Brunauer–Emmett–Teller (BET), Fourier-transform infrared 
spectroscopy, thermogravimetric analysis, and point of zero 
charge. The second-part investigates its optimization as a 
low-cost adsorbent for the removal of Cr(VI) from an aque-
ous medium by varying initial Cr(VI) concentration, adsor-
bent dose, pH, contact time, and temperature. The study 
also provides insight into the adsorption process by math-
ematical modelling of the experimental isotherm, kinetic, 
and thermodynamic data.

2. Material and methods

2.1. Chemicals

The chemicals used in the adsorption tests include sodium 
chloride (NaCl), hydrogen chloride (HCl), sodium hydroxide 
(NaOH), sulfuric acid (H2SO4), 1,5-diphenylcarbazide, and 

potassium dichromate (K2Cr2O7). They were purchased from 
Sigma-Aldrich-Fluka (Saint-Quentin, Fallavier, France).

2.2. Adsorbent preparation

The sewage sludge used in this study was collected 
directly from the drying beds of the Municipal Community 
Waste Water Treatment Plant in Annaba, Algeria. The sewage 
was washed repeatedly with distilled water, until neutral-
ization and clarification of washed water was achieved. 
Next, the material was air dried, crushed using a mechan-
ical grinder (Mikro-Feinmühle-Culatti L0458), sieved to a 
65 µm particle size, and then dried at 105°C for 24 h. The 
resulting material is referred to herein as raw sludge (RS).

2.3. Adsorbent characterization

2.3.1. X-ray fluorescence

To determine qualitatively the content of metals, 
X-ray fluorescence (XRF) analysis was conducted with a 
spectrophotometer S8TIGRE Model with a tube Rh and 4 kW.

2.3.2. X-ray diffraction analysis

The examination of the RS crystal structure was under-
taken through X-ray diffraction (XRD) analysis using 
an INEL XGR 2500 diffractometer equipped with a CPS 
detector 120 and a CuKα radiation source (λ = 1.5406 A). 
Scans were conducted from 0° to 60° at a rate of 2°min−1.

2.3.3. Scanning electron microscopy and energy-dispersive 
X-ray spectroscopy analysis

To provide more structure and composition details of 
RS material, scanning electron microscopy (SEM) and ener-
gy-dispersive X-ray spectroscopy (EDS) studies were per-
formed using SEM EDS analysis on a JEOL JSM 6390LU 
unit (Freising, Germany).

2.3.4. Fourier-transform infrared spectroscopy

The Fourier-transform infrared spectroscopy (FTIR) 
spectra of the RS were recorded on a Perkin-Elmer FTIR 
1720-X spectrometer in the wave range 400–4,000 cm–1 with 
a step size of 2 cm–1. The powdered samples were dispersed 
in KBr pellets (1/200 by weight).

2.3.5. Brunauer–Emmett–Teller

The specific surface area and pore structure was deter-
mined by using N2 as the sorbate at –196°C with an auto-
matic ASAP 2000 apparatus from Micrometrics. The RS was 
previously out-gassed at 200°C for 6 h and the specific sur-
face area was determined by the BET method.

2.3.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA) measurements were 
conducted using a TGA/DSC 3+ “STAR System” apparatus 
to monitor the mass change of the raw sludge and to mon-
itor temperature. The 27.5 mg samples were bottom loaded 
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in platinum crucibles and heated from 30°C to a maximum 
temperature of 950°C at a constant heating rate of 5°C/min 
in an air atmosphere with a purge rate of 75 mL min−1.

2.3.7. Point of zero charge

Point of zero charge (PZC) represents the solution pH in 
which the surface is neutrally charged [26], and its position 
defines the affinity of the surface to the ionic species [27]. 
The difference between the initial and final pH (pHf-pHi) 
was plotted against the initial pH (pHi). The term pHpzc 
is the point where pHf – pHi = 0.

2.4. Batch adsorption experiments

Stock solution of Cr(VI) was prepared using potassium 
dichromate. 1,000 mg/L of Cr(VI) solution was prepared by 
dissolving 2.835 g of potassium dichromate in 1 liter distilled 
water. Various concentrations of the solution were obtained 
by dilution of 1,000 mg/L of stock solution. The adsorption 
experiments were conducted via batch process by adding 
pre-specified amounts of RS to a series of beakers containing 
250 mL of synthetic Cr(VI) solution of the desired concen-
tration. The beakers were sealed and shaken at 150 rpm in 
an electrical water bath shaker. After adsorption equilibrium, 
the samples were filtered using a syringe filter, and the resid-
ual concentration of Cr(VI) in the filtrate was measured at 
540 nm using a UV–Vis spectrophotometer (JENWAY 6405) 
via the 1.5 diphenyl carbazide standard method. The amount 
of Cr(VI) adsorbed per unit mass of the adsorbent (mg/g) and 
the percentage of Cr(VI) adsorbed were calculated using Eqs. 
(1) and (2), respectively:
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where Co and Ce are the initial and equilibrium, Cr(VI) con-
centrations (mg/L), respectively, V is the volume of the solu-
tion (L), and m is the weight of the adsorbent (g).

The effect of the various process parameters on the effi-
ciency of Cr(VI) removal was investigated by varying differ-
ent parameters such as initial Cr(VI) concentration (from 10 
to 60 mg/L), the adsorbent mass (0.2–0.6 g), pH 2–9, and the 
temperature (10°C–40°C). The effect of each parameter was 
studied by keeping the other parameters constant.

2.5. Adsorption isotherm

The experimental equilibrium data were fitted with sev-
eral isotherm models such as Langmuir, Freundlich, Temkin, 
Dubinin–Radushkevich, Sips, Toth, Redlich–Peterson and 
Hill models (each described in [28]). The expressions for 
those models are presented in Table 1.

2.6. Adsorption kinetics

Adsorption kinetics displays a strong relationship with 
the physical and/or chemical characteristics of the biochar.  

To further elucidate the adsorption process, the adsorption 
data were analyzed using four well-known kinetic models 
specifically pseudo-first-order, pseudo-second-order, Elovich, 
Boyd and intraparticle diffusion models (Table 2) [30,31].

2.7. Adsorption thermodynamics

The adsorption of Cr(VI) onto RS was investigated as a 
function of temperature and the thermodynamic parameters 
ΔG°, ΔH°, and ΔS°, as well as activation energy (Ea), which 
are important in determining the feasibility, spontaneity, and 
the nature of adsorbate–adsorbent interactions. This was 
achieved using Eqs. (3)–(5):
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where R is the ideal gas constant [8.314 J/(mol·K)], T is 
the Kelvin temperature (K), ΔG° is the Gibbs free energy 
change (kJ/mol), ΔH° is the enthalpy change (kJ/mol), ΔS° 
is the entropy change (kJ/(mol·K)), and Kd is the thermo-
dynamic equilibrium constant.

Values of sticking probability (S*) and activation energy 
(Ea) were calculated using modified the Arrhenius type 
equation related to surface coverage (q) shown in Eq. (6):
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where Ce and Ci are the equilibrium and initial concentration 
of the adsorbate (mg/L), and q is the surface coverage.

3. Results and discussion

3.1. Adsorbent characterization

Elemental analysis of RS is shown in Table 3, the XRF 
results reveals that the major inorganic elements are pre-
sented as oxides. The dominant one was calcium (Ca) 
[39.5%], which might be attributed to the sludge hygieni-
zation with calcium carbonate (CaCO3). The next largest 
ones were aluminum(Al) and iron (Fe) [both around 11%]. 
This was due to the use of aluminum sulfate [Al2(SO4)3] and 
iron(III) chloride (FeCl3) during treatment of the wastewa-
ter. Other detected oxides were sulfer (S), phosporous (P), 
potash (K) and Magnesium (Mg) but all in quantities of less 
than 5%. Similar results were reported by Babatunde and 
Zhao [35] in a wastewater sludge characterization where Al, 
Ca, silicon (Si), carbon (C), and Fe were also found on the 
adsorbent surface based XRD analysis.

The results of the XRD analysis (Fig. 1) agree with the ele-
mental analysis in Table 3. Fig. 1 exhibits the appearance of 
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Table 1
List of adsorption isotherm models

Isotherm 
models

Linear form Non-linear form Applicability References
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- Multilayer description adsorption with 
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[29]
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the monolayer with multisite interaction 
phenomena at the same time

[27]
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a solid phase crystallized with seven diffraction lines of very 
narrow peaks. The most intense rays correspond to quartz, 
Illite (KAl2Si3AlO)10 (OH) (10), chlorite (Mg,Fe)3(Si,Al)4O10 
(OH)2*(Mg,Fe)3(OH)6, and mansfeldite [36,37]. Some peaks 
denote the formation of complex oxides of Al and Fe [37,38].

The surface of the sludge observed using SEM is shown 
in Fig. 2. The RS surface is covered by spherical small par-
ticles, which form large agglomerates. The picture structure 
shows that RS is notas dense and exhibits an irregular and 

porous surface. This porous structure could be suitable for 
retention of pollutants.

EDS analysis of the RS surface indicates that RS parti-
cles consist mainly of oxygen, carbon, silicate, and alumi-
num. The relatively high amount of carbon may suggest 
that carbonates (e.g., calcium carbonates) are attached to the 
grain surface. The aluminum and iron oxides are attached 
to the surface of the silica grains. Notably, the mineralogi-
cal compositions correlate with the mineral composition 
highlighted by the XRF (Table 2).

The FTIR spectra of RS were used to determine the 
vibration frequency changes in functional groups and are 
displayed as a series of sorption peaks (Fig. 3). The broad 
sorption peak at 3,317 cm−1 is indicative of the existence of 
a bonded hydroxyl group [39]. The sorption peak around 
2,927 cm−1 was assigned to C–H stretching [39]. The peak 
at 1,620 cm−1 represents a chelated form of the carbonyl 
from the carboxyl group [39]. The amine group is pres-
ent at NH2 at 23,558.28 cm–1. The peak at 1,646.24 cm–1 
corresponds to C=C ring stretching [40]. A strong, broad 
peak at 1,422 cm–1 corresponds to aliphatic and aromatic 
(C–H) vibrations in the planar deformation of methyl, 
methylene and methoxy groups [39]. The peaks observed 
at 1,049 and 870 cm−1 may be attributable to hydroxyl 
bending vibrations and to C–O stretching of carboxylate 
ions, alcoholic groups and aromatic compounds [40,41].

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
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é
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Fig. 1. XRD spectra of RS.

Table 2
List of kinetics models

Kinetic Linear form Plot Parameters References

Pseudo-first- 
order

ln lnq q q K te t e�� � � � � � 1 ln q q f te t�� � � � � where qe: the amount of adsorbate in the adsorbent 
at equilibrium (mg/g); qt: the amount of adsorbate 
in the adsorbent at time t (mg/g); K1: constant rate of 
Lagergren’s first-order; t: time of contact (min)

[30]

Pseudo-
second- order

t
q K q

t
qt e e

� �
1

2
2

t
q

f t
t

� � �
where qe: the amount of adsorbate in the adsorbent 
at equilibrium (mg/g); qt: the amount of adsorbate 
in the adsorbent at time t (mg/g); K2: constant rate of 
pseudo-second-order; t: time of contact (min)

[28,32]

Elovich
q tt � � � � � �1 1

�
��

�
ln ln q f tt � � �ln where qt: the amount of adsorbate in the adsorbent 

at time t (mg/g); β: the number of sites available for 
adsorption; α: the initial adsorption rate (mg/g·min); 
t: time of contact (min)

[28,33]

Intraparticle 
Diffusion

q K t It � �ID
1 2/ q f tt � � �1 2/ where qt: the amount of adsorbate in the adsorbent 

at time t (mg/g); KID: constant rate of intraparticle 
diffusion; t: time of contact (min); I: intercept of 
intraparticle diffusion kinetic model

[34]

Boyd
B

q
qt
t

e

� � � �
�

�
��

�

�
��0 4977 1. ln

B f tt � � � where Bt: Boyd constant; qt: the amount of adsorbate 
in the adsorbent at time t (mg/g); qe: the amount of 
adsorbate in the adsorbent at equilibrium (mg/g)

[27]

Table 3
Elemental analysis of RS

Element CaO SiO2 Al2O3 Fe2O3 SO3 P2O5 K2O MgO TiO2

% 39.5 24.5 11.6 11.2 4.88 2.67 1.96 1.9 0.82
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The results of the BET specific surface area exhibit a 
surface area of 7.111 m2/g and a pore diameter of 2.13 (Å) 
[mesoporous type according to International Union of Pure 
and Applied Chemistry (IUPAC)] [42]. According to Hu et 
al. [43], the presence of more meso/macro pores enhances 
the adsorptive capacity of adsorbent material. Importantly, 
the specific area value of RS powder in this study is greater 
than the values reported in the literature [44,45], which sig-
nifies a much higher adsorption capacity than expected. 
Concurrently, the specific surface area of the activated adsor-
bent based on wastewater sludge is also much higher than 
raw sludges [46,47].

The TGA analysis demonstrated changes in physi-
co-chemical properties of the material, its decomposition, 
volume variation, and structural alteration when subjected 
to thermal treatment [48]. These are shown in Fig. 4. As the 
temperature rises, thermal decomposition of RS powder 
at different steps occurred to varying degrees through a 
multi-step decomposition. In the first step (<250°C), a grad-
ual weight loss occurred until the temperature approached 
250°C due to the evaporation of absorbed water [49]. 
Starting around 250°C the weight loss rate was faster, until 
the temperature neared 750°C. The accelerated weight loss 
was caused by (1) the breaking down of C–O and C–C bonds 
with the release of large amounts of CO2 [49]; (2) the trans-
formation reaction of aliphatic compounds, protein, and 
carbohydrate compounds in the sludge; (3) the breaking of 
peptide bonds and branched chains; and (4) the release of a 
large number of volatiles [50]. Finally, at temperatures above 

700°C), all residual organic salts were removed, thereby cor-
responding to the total decomposition of RS powder.

The PZC of RW is shown in Fig. 5. The value of pHPZC 
of RS powder was 7.05 implying a positive charge at lower 
values and a negative charge at higher owns. Hence, at 
pH values below the PZC, the groups –OH, –COOH, and 
–NH2 protonate become positively charged, thus increas-
ing the attraction of Cr(VI) ions with negative charge, 
thereby significantly fostering the adsorption process.

3.2. Adsorption and removal of Cr(VI)

3.2.1. Effects of initial concentration and contact time

The equilibrium time plays a key role in the design of 
cost-effective wastewater treatment systems [51]. To study 
this effect and the impact of the initial concentration of 
Cr(VI), different concentrations of Cr(VI) solution (10, 20, 
40 and 60 mg/L) were each tested in 250 mL of synthetic 
solutions. The experiments were conducted using a fixed 
adsorbent mass of 0.5 g at ambient temperature (20°C), 
with a fixed pH (pH = 2) for a test duration of 120 min. 
During the experiments, samples were taken to determine 
the equilibrium time required. Subsequently, the Cr(VI) 
content in the supernatant was analyzed. Increasing 
chromium solution concentrations from 10 to 60 mg/L 
decreased the removal rate (R%) (Fig. 6). The maximum 
removal rate of 91.30% was achieved at 10 mg/L. At lower 
concentrations, the number of Cr(VI) ions to the abundant 

Fig. 2. SEM images of RS surface and results of EDS analysis.
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active sites on the adsorbent surface was too low. Salleh 
et al. [52] previously established that adsorption capacity 
could be augmented prior to reaching saturation under the 
same operating conditions, where removal of 20 mg/L of 
Cr(VI) had a higher removal percentage (80.41%) and even 
higher adsorption capacity (Q = 9.849 mg/g). In addition, 
the high adsorption efficiency can be understood with 
respect to the porous nature and the specific surface area 
of RS. In addition, functional groups such as amine and 
carboxyl groups present in RS can react with Cr(VI) ions, 
which results in better fixation on its surface. Little differ-
ence was seen in cases of 40 and 60 mg/L, which produced 
in Q = 7.991 and Q = 7.17 mg/g, respectively. Kakavandi 
et al. [53] explained that a higher concentration gradient 
of Cr(VI) accelerated the mass transfer between the solid 

and solution and promoted the generation of precipita-
tion, which could block the electron transfer and reduce 
removal efficiency.

Notably, with small concentrations (10 and 20 mg/L) 
of Cr(VI), the fixation of Cr(VI) into RS occurred rapidly 
– within the first 10 min. Higher Cr(VI) concentrations 
required longer times until a stationary phase was reached. 
Mezenner et al. [54] and Ho et al. [55] explained that in the 
initial treatment stage, adsorption is rapid because of the 
large availability of adsorption sites. After 90 min there 
was no significant increase in the removal rate. This, a reac-
tion time of 90 min was selected as the optimum value for 
future experiments.

3.2.2. Adsorbent dosage

The effect of the RS amount was tested for levels 
0.2–0.6 g for 20 mg/L concentration of Cr(VI) at 20°C for 
90 min and an initial pH 2 (Fig. 7). The removal increased 
with higher adsorbent doses due to the greater availability 
of the exchangeable sites and, thus, surface area, thereby 
facilitating the interaction with Cr(VI) ions and conse-
quently adsorption [56]. The highest achieved removal 
rate was 79.04% at the dose of 0.5 g. Higher doses did 
not appreciably change the rate removal. Arias et al. [57] 
attributed this to an overabundance of active sites poten-
tially exceeding the demand when the adsorption process 
reaches saturation. Therefore, for all further experiments, 
the adsorbent mass was fixed at 0.5 g.

3.2.3. Effect of pH

The pH of the solution is a significant parameter in 
the adsorption process optimization, as it affects not only 
the nature of the adsorbent active site, but also the degree 
of ionization of the adsorbate species [58]. The most prob-
able Ct (VI) species in aqueous solution are Cr2O7

2−, CrO4
2−, 

H2CrO4, and HCrO4
–. Their relative distribution depends on 

the solution’s pH and Cr(VI) concentration (Fig. 8). They 
exist as the following oxyanions: Cr2O7

2− in strongly acidic 
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Fig. 6. Effects of concentration and contact time on Cr(VI) 
adsorption onto RS.
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medium (pH < 1), HCrO4
− in acidic environment (2 ≤ pH ≤ 6), 

and CrO4
2− in neutral and alkaline conditions (pH > 6) [59].

The effect of pH was studied in the range of 2 to 9 for a 
concentration of 20 mg/L of Cr(VI) during 90 min at 20°C, 
as illustrated in Fig. 9. In most cases, Cr(VI) removal is 
favored at a pH lower than the adsorbent surface “pHpzc”. 
PZC of the RS was found to be approximately pH = 7.05 
(Fig. 5). Below that value, the adsorbent surface proton-
ated and showed a positive net charge, thus easily attract-
ing the negative Cr(VI) ions. This revealed that the Cr(VI) 
removal diminished with a rise in pH, and that the max-
imum removal rate of 79.04% was achieved with a pH 
of around 2. At that pH value, Cr(VI) exists in the form 
of HCrO4

–, and the active sites on the adsorbent become 
positively charged due to the excess amount of H+ ions, 
which causes a strong attraction between these sites and 
negatively charged HCrO4

– ions. Consequently, adsorp-
tion capacity increases with a decrease of the pH solution. 
The electrostatic attraction decreased gradually due to the 
attenuation of the protonation with the increase in pH from 
2 to 7.5, leading to a decline in the removal of Cr(VI). After 
pH > 7.05, the surface of the RS was charged negatively, 
and the electrostatic attraction between RS and HCrO4

– dis-
appeared. Similar results in the adsorption of Cr(VI) were 
reported by previous researchers [60,61]. The amounts 
of adsorbed Cr(VI) may be increased, if the RS is proton-
ated in pretreatment with an acid – assuming that the RS 
is a typical organic complex mainly presenting a negative 
surface charge which was not particularly favorable for 
Cr(VI) sorption [62]. Previously, Wu et al. [62] showed that 
1 g of a protonated sludge at a pH of 1 reduced Cr(VI) by 
20.4% compared to raw sludge through a combination of: 
(i) sorption of Cr(VI) onto the biomass surface, (ii) reduc-
tion of Cr(VI) to Cr(III) by surface functional groups, and 
(iii) release of the converted Cr(III), or and (vi) sorption 
to various functional groups of the biomass depending on 
environmental factors like pH.

Li et al [21] demonstrated that the main oxygen-con-
taining functional groups (–OH, C–O, C=O) present in the 
surface of pyrolyzed sludge played an important role in 
adsorbing Cr(VI) and reducing it to Cr(III) at a low pH. In 
the study herein, Cr(VI) reduction to Cr(III) is not probable 

due to the limited H+ available for the Cr(VI) reduction, but 
the contribution of oxygen containing functional groups is 
probable. So, in this study the optimum pH solution was set 
at 2. This corresponds to the environment of Cr(VI) in natural 
liquid discharges [63].

3.2.4. Effect of temperature

Temperature is an important parameter in the real 
applications of adsorbents. In this study, four tempera-
tures were explored (10°C, 20°C, 30°C and 40°C) for the 
adsorption of 20 mg/L in the operating conditions: adsor-
bent dose = 0.5 g and pH = 2. The removal efficiency for 
Cr(VI) increased as the temperature rose (Fig. 10). The 
most significant gain was achieved when the temperature 
was increased from 10°C to 20°C when efficiency removal 
passed from 58.12% to 79.49%. More moderate gains were 
achieved with further temperature rises (80.9% at 30°C and 
81.11% at 40°C). This suggests that the adsorption process 
of Cr(VI) onto RS is endothermic in nature. The slightly 
better (although not particularly cost-effective) removal 

Fig. 7. Effect of adsorbent dose on Cr(VI) removal onto RS.

  

 

 

 

 

 

 

 

 

Fig. 8. Distribution diagram of chromic species according to 
Cr(VI) concentration and pH [59].

Fig. 9. Effect of the pH medium on the Cr(VI) removal in RS.
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rates at temperatures beyond 20°C may be attributed to 
the enhanced mobility of metal cations and the increase 
in the number of active sites. This is because an increas-
ing number of cations can obtain the energy required to 
interact with active sites on the surface of the adsorbent. 
Previously, Li et al. [64] reported greater adsorption by the 
swelling effect within the internal structure of the adsorbent 
when the temperature of the aqueous solution increased.

3.3. Adsorption isotherms

Adsorption isotherms describe the relationship between 
the amount of adsorbed ion on the adsorbent and the final 
ion concentration in the solution [65]. Experimental results 
were analyzed using a quartet of two-parameter isotherm 
models including Freundlich, Langmuir, Temkin, and 
Dubinin–Radushkevich [66] and four more three-parameter 
adsorption isotherm models including the Redlich–Peterson, 

Fig. 10. Effect of temperature between 10°C and 40°C for Cr(VI) 
ion removal in RS.

Table 4
Equilibrium constants and error functions for Cr(VI) adsorption onto RS

Two-parameter models Three-parameter models

Linear Non-linear Non-linear

Freundlich Sips

Kf 5.536 6.407 qm 11.184
n 4.444 6.134 aS 1.143
R2 0.727 0.862 n 1.188
RMSE 2.318 2.106 R2 0.756
χ2 1.151 1.225 RMSE 2.355

χ2 0.782

Langmuir Toth

KL 3.521 6.111 KT 25.504
qm 10.141 10.378 aT 2.686
R2 0.996 0.990 t 0.803
RL 0.014 R2 0.999
RMSE 1.103 0.991 RMSE 0.049
χ2 0.245 0.229 χ2 0.000

Temkin Hill

AT 42.024 42.029 qsh 10.344
BT 1.581 1.581 Kd 0.943
R2 0.581 0.895 nH 2.113
RMSE 1.839 1.839 R2 0.947
χ2 0.825 0.825 RMSE 0.653

χ2 0.041

Dubinin–Radushkevich Redlich–Peterson

qm 10.414 10.418 KR 6.799
β 0.2E-6 aR 0.355
E (kJ/mol) 1.581 0.676 g 1.175
R2 0.991 0.993 R2 0.999
RMSE 0.591 0.473 RMSE 0.096
χ2 0.099 0.043 χ2 0.000
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Sips, Toth and Hill isotherm models [67]. Fig. 11 illus-
trates the two- and three-parameter isotherm models fitted 
to the experimental data at 20°C.

The isotherm parameters with correlation coefficients 
(R2) and the error analyses for two and three-parame-
ter models for Cr(VI) adsorption on RS are presented in 
Table 4. Amongst the various two-parameter isotherm 
models, the Dubinin–Radushkevich and Langmuir models 
achieved very strong correlations with R2 values of 0.990 
and 0.993, respectively. Among the three-parameter iso-
therms, the best representation of the experimental results 
of the adsorption was obtained using the Redlich–Peterson 

and Toth models since they show the minimum error values 
and maximum regression coefficients (Table 4).

Both RL and nF values indicated that the adsorption of 
Cr(VI) was favorable when 1 < nF < 10 and 0 < RL < 1. The 
maximum adsorption capacity, qm, was determined with 
Langmuir and Sips models (qm = 10.378 and 11.184 mg/g, 
respectively) [68].

3.4. Kinetic studies

In this study, the pseudo-first-order kinetics [69], pseudo-  
second-order kinetics [70], Elovich [71], intraparticle 

  

Fig. 11. Isotherm models at 20°C (a) two-parameters isotherms and (b) three-parameter isotherms.

Table 5
Kinetic parameters for Cr(VI) adsorption onto RS

10 20 40 60

qe,exp (mg/g) 4.565 9.849 10.791 9.927
Pseudo-first-order
qe (mg/g) 0.760 3.662 8.318 9.019
K1 (min–1) 0.012 0.097 0.029 0.036
R2 0.909 0.478 0.854 0.807
RMSE 12.022 22.668 9.090 4.635
χ2 36.263 54.978 11.822 3.743

Pseudo-second-order

qe (mg/g) 4.545 9.746 11.286 9.927
K2 (g/mg·min) 0.386 0.052 1.149 1.728
R2 0.997 0.999 0.957 0.961
RMSE 0.602 0.433 4.726 3.599
χ2 0.664 0.020 4.238 2.038

Elovich
Β (g/mg) 5.197 5.595 0.607 0.442
α (mg/g·min) 15.81E+6 7.82E+20 5.192 1.587
R2 0.851 0.771 0.843 0.897
RMSE 0.315 0.433 3.161 3.404
χ2 0.030 0.020 1.538 2.495
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diffusion [67,72] and Boyd models [73] were selected to 
discuss the kinetics of Cr(VI) removal from RS. Their details 
are shown in Tables 5 and 6.

The R2 for pseudo-second-order (0.957–0.999) are higher 
than those obtained for pseudo-first-order (0.478–0.909) 
and Elovich (0.771–0.897). The values of the error functions 
(χ2, RMSE) for pseudo-second-order were also lower than 
pseudo-first-order and Elovich, where lower values indicate 
smaller experimental errors. Lastly, the calculated qe (qe,cal) 
and the experimental qe (qe,exp), values from pseudo- second-
order were very close. Therefore, based on the values of R2, 
error functions, and the good agreements between qe,cal and 
qe,exp, the pseudo-second-order model can be considered 
the best fitted for the experimental data.

As such, an intraparticle diffusion model was applied 
to investigate the mechanism of mass transport and to 
determine the rate controlling step during Cr(VI) adsorp-
tion on the surface of RS. Since the plots (Fig. 11) of the 
intraparticle diffusion did not pass through the origin, this 
indicates that the adsorption processes not only followed 
the intraparticle diffusion but that film diffusion also 
played an important role in both of the studied adsorp-
tion processes. These observations support the close fit-
ting of the pseudo-second-order model. The role that film 
diffusion played in the adsorption processes suggests that 
this was mainly by covalent bonding by the surface acidic 
functional groups [74,75]. The Boyd model can be used to 
investigate whether the adsorption occurs within the pores 
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(particle diffusion) or occurs at the external surface (film 
diffusion) [76,77]. According to this model, the plot of Bt 
against t will yield a straight line passing through the ori-
gin, if the adsorption is governed by particle diffusion. 
Otherwise, the process is controlled by film diffusion [78], 
which appears to be the case herein (Table 6).

3.5. Thermodynamics studies

Thermodynamic parameters were evaluated to confirm 
the adsorption nature of the present study. The results are 
summarized in Table 7, which indicates that at a low tempera-
ture (10°C), Cr(VI) adsorption is not spontaneous, which is 
contrary to what occurs at 20°C–40°C, Also, ΔG° values were 
found to be negative and occurring through a spontaneous 
process. Decreases in ΔG° with an increase in temperature 
suggests that great Cr(VI) adsorption occurs at higher tem-
peratures. The positive value of ΔH° confirms the endother-
mic nature of the Cr(VI) adsorption process. The magnitude 
of ΔH° may provide insights about the type of the adsorp-
tion process. According to the literature [68], if enthalpy 
change is higher than 40 kJ/mol, the process is chemisorp-
tion, which includes strong electrostatic chemical bonding 
between chromium ions and adsorbent surface. In contrast, 
when enthalpy change is less than 40 kJ/mol, adsorption is 
physisorption. In this work, the value of ΔH° was found to be 
positive and around 26.884 kJ/mol, which indicates an endo-
thermic process that is physical in nature. The positive value 
of entropy change (ΔS° = 0.094) revealed the affinity of RS 
for Cr(VI) and increased randomness at the solid– aqueous 
solution interface during the adsorption. Moreover, the 
positive value of the energy activation (Ea = 19.283 kJ/mol) 
confirms the endothermicity of the adsorption process [69].

4. Comparison with published studies

Table 8 appraises the adsorption performance of Cr(VI) 
removal from simulated or real effluents by natural and 

modified adsorbents base on waste water treatment sludge. 
Physico-chemical properties of sludge established using 
XRF, XRD, SEM and revealed that sludge can have differ-
ent compositions and that the related structural properties 
depend on the origin of the treated wastewater, as well as 
the origin of the waste from which this sludge comes, and 
that both must be considered to assess its suitability for 
rapid, cost-effective Cr(VI) removal. Studies reported in the 
literature (Table 8) demonstrated that a coal prepared by the 
pyrolysis of sludge provided an excellent way to reuse raw 
sludge as a valuable material for wastewater treatment due 

Table 6
Mechanistic model parameters for Cr(VI) adsorption

Cr(V) (mg/L) 10 20 40 60

Intraparticle diffusion model
Kdiff (mg/g·min1/2) 0.083 0.067 0.732 0.917
C (mg/g) 3.630 9.076 2.867 1.017
R2 0.920 0.626 0.954 0.845
Boyd model
Intercept 1.294 2.378 –0.237 –0.401
R2 0.909 0.501 0.854 0.807

Table 7
Mechanistic model parameters for Cr(VI) adsorption

Cr(VI)

T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol) Ea (kJ/mol)

283 0.219
293 –0.722 26.884 0.094 19.283
303 –1.664
313 –2.606

Table 8
Removal efficiencies and adsorption capacities of Cr(VI) onto sludge-based adsorbents

Adsorbent Q (mg/g)
R (%)

Initial 
Cr(VI)

Optimum conditions References

Red sludge modified by lanthanum 17.35 mg/g 40 mg/L pH = 7, dose = 4 g/L, t = 180 min [17]
Sludge impregnated + FeCl3 + ZnCl2 + 
pyrolysis at 550°C

65 mg/g 50 mg/L pH = 2, dose = 0.2 g/L, t = 360 min [18]

- Raw sludge
- Sludge + H2SO4 + pyrolysis 650°C

R = 81%
R = 99.61%

100 mg/L pH = 2, dose = 4 g/L, t = 360 min [20]

Paper mill sludge + impregnation + ZnCl2 23.18 mg/g
84.72%

50 mg/L pH = 4, dose = 3.5 g/L, t = 180 min [24]

NZVI + raw sludge 11.56 mg/g 50 mg/L pH = 2, dose = 4 g/L, t = 1,440 min [83]
- Polyethyleneimine modified activated sludge 86.96 mg/g 101.2 mg/L pH = 5, dose = 2 g/L, t = 40 min [84]
Sludge pyrolysis at 900°C 17.46 mg/g Low pH [21]
- Raw sludge
- Steel slag + pyrolysis

R = 69%
R = 99.75%

Neutral medium [25]

Raw sludge 9.5 mg/g
79.04%

20 mg/L pH = 2, 2 g/L, t = 90 min This study
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to the evolution of its textural properties. The modification of 
the sludge surface by chemical treatment like the incorpora-
tion of the element such as iron and ZnCl2, better enhanced 
the removal efficiency. Specifically, in addition to physical 
adsorption and electrostatic interactions phenomena like 
redox, chelation and doping adsorption were found to be 
the main mechanisms for the adsorption of Cr(VI) and that 
the removal rate of Cr(VI) could reach 100%. However, Ying 
et al. [79] demonstrated that while pyrolysis of raw material 
can enhance the surface area, the adsorption of Cr(VI) is not 
necessarily improved.

Absorbents prepared from raw sludge tested in this 
study showed relatively high removal yield and reduction 
or precipitation operation is helpful to eliminate completely 
chromium, herein [5,7] to meet the effluent limits imposed 
by local environmental legislation. The raw sludge is simple 
to employ, readily accessible, and inexpensive, as no addi-
tives or pyrolysis processes are necessary. Furthermore, 
chromium could be recovered from sludge after adsorption 
by either chemical or electrochemical methods with eco-
nomic conditions [11,80] or chromic smudge could be valo-
rized in several fields like an adsorbent for the removal of 
pollutants of water [81,82].

5. Conclusions

The present investigation shows the potential of a waste-
water raw sludge (RS) as a low-cost effective material for 
Cr(VI) removal from aqueous solution by adsorption in a 
batch system. According to the findings in this paper, the 
following conclusions can be drawn:

• Raw sludge is characterized by its porous structural 
aspects, which suitable for removing Cr(IV), BET surface 
area relatively higher than other sludges, and high ther-
mal resistance. The main components corresponding to 
XRD analysis are CaO, SiO2, Al2O3, and Fe2O3. The FTIR 
spectrum uncovered a large number of functional groups, 
including amine and carboxylic groups, which played 
important roles in adsorbing Cr(VI) at low pH levels.

• The waste material raw sludge was demonstrated to 
have the potential to remove 80.90% of Cr(VI) ions from 
synthetic wastewater containing 20 mg/L Cr(VI) with an 
adsorbent dosage 2 g/L in strong acidic conditions pH = 2 
and T = 30°C.

• Adsorption kinetics followed a second-order rate expres-
sion. Adsorption equilibrium data of Cr(VI) was best 
described by Langmuir and Dubinin–Radushkevich iso-
therm models based on linearized correlation coefficients.

• Chromium(VI) adsorption onto RS exhibited sponta-
neous and endothermic processes as indicated by the 
thermodynamic parameters. The positive value of the 
entropy change, suggests the increased randomness.
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