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a b s t r a c t
At an industrial scale, significant quantities of solid activated sludge were produced as a by-prod-
uct in wastewater treatment plants. In this contribution, activated sludge biochar was synthesized 
under oxygen-limited conditions with the purpose of adsorptive removal of Mo(VI) from contam-
inated water. Our experiments show that the sludge biochar have a better performance in Mo(VI) 
removal compared to the raw sludge. Additionally, we report that demineralized biochar (pyrolyzed 
at 200°C, D-BC200) performs better than sludge biochar samples pyrolyzed at other temperatures. 
From microscopic point of view, D-BC200 particles are shown to be smaller than 20 μm in size with 
a porous structure. The outcomes of surface analysis indicated that D-BC200 had abundant sur-
face functional oxygen-containing groups. This facilitated the uptake of Mo(VI). We performed 
both non-linear and linear pseudo-second-order kinetics modelling to describe the experimental 
kinetics observed in our experiments. We conclude that both approaches are suitable for model-
ling the chemisorption process involved in removal of Mo(VI). Langmuir model better described 
adsorption isotherm, and the maximal adsorption capacity at 298 K was 82.1 mg/g, which was 
comparatively higher among the adsorbents reported. The enthalpy and entropy of the adsorption 
process are –39.3 kJ/mol and –125.6 J/mol K, respectively. This indicated that the adsorption pro-
cess was spontaneous and endothermic. Both coexisting anions and natural organic matter could 
inhibit adsorption of Mo(VI) to some extent. When D-BC200 was applied for the removal of Mo(VI) 
from natural reservoir water, complete removal of Mo(VI) was observed.
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1. Introduction

Adsorption process is one of the most adaptable pro-
cesses applied in advanced water and wastewater treatment 
applications. In adsorption process pollutants are transferred 

from one phase to another phase. The process is known to 
benefit from high efficiency, ease of operation, and cost- 
effectiveness [1,2]. As such, a number of common adsor-
bents (e.g., activated carbon and bentonite) have been widely 
applied in industrial application. However, application of 
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commercial activated carbon is limited by its complicated 
production technologies and its relatively high cost of pro-
duction. Therefore, from a practical point of view, low-cost 
adsorbents, both considering the production and application 
costs, are in high demand.

Recently, attention has been focused on production of 
low-cost, carbon-based adsorbents such as raw biomass 
and biomass-related biochar. Raw biomass is abundantly 
available globally. Mainly produced as agricultural by- 
products, raw biomass is a low-cost alternative adsorbent 
with reasonable effectiveness. It has been shown that wide 
variety of organic contaminants and heavy metals can 
be efficiently removed from water by low-cost biomass 
adsorbents [1,3,4]. The key disadvantage of using raw bio-
mass as an adsorbent is the possibility of organic leaching 
and hence introduction of a secondary pollution source.

Biochar derived from a versatile source of biomass has 
shown to offer a solution to this problem. Biochar displays 
an effective adsorption property when applied in water 
and wastewater treatment. Biochar is a pyrogenic-charcoal 
material derived from thermochemical conversion (pyrol-
ysis) of carbon-rich biomass in an oxygen-limited envi-
ronment [5,6]. The pyrogenic biochar is significantly more 
stable compared to the raw biomass. It is worth noting that 
the abundance of oxygen-containing groups (C=O, C–OH, 
COOH) in biochar improves its capacity for sorption of 
contaminants from aqueous phase [7,8]. Hence, biochar is 
recognized as a relatively low-cost adsorbent for removal of 
environmental contaminants.

Molybdenum is an essential micronutrient for enzymes. 
It contributes to the effective function of enzymes in bio-
logical and physiological processes in humans and ani-
mals [9]. The World Health Organization recommends that 
molybdenum concentration in drinking water should not 
exceed 70 μg/L. However, molybdenum levels are found 
to be in the order of milligrams per liter in some aquatic 
systems [9]. Molybdenum is widely used in the manufac-
turing of semiconductors and in the optoelectronic industry. 
The discharged effluent streams of these industries are in 
need of better treatment. As a trace element, molybdenum 
is not removed completely from drinking water via tradi-
tional purification processes. In recent years, adsorption 
process has become one of the most popular techniques for 
removing trace elements from aqueous solutions [10,11]. 
Brion-Roby et al. [12] found that the maximum adsorption 
capacity that a chitosan sorbent achieved was 123 mg/g for 
the removal of molybdate ions. The virgin and calcined 
wheat bran is also used for molybdenum removal. For this, 
the uptake of molybdenum increased with increasing tem-
perature, and the maximum adsorption capacity of WB1000 
was found to be 84.0 mg/g [10]. Besides, multiwalled car-
bon nanotubes modified by NaClO solution display high 
adsorption capacity and less attrition of molybdenum 
through 10 cycles of adsorption and desorption [13].

In this research, activated sludge from a local wastewa-
ter treatment plant was used as biomass resource to pre-
pare sludge biochar under oxygen-limited conditions. Trace 
element molybdenum was efficiently adsorbed by the pre-
pared sludge biochar. The effect of pyrolytic temperature, 
biochar dose and solution pH was investigated. Adsorption 
kinetics and thermodynamics were also discussed. A practical 

source water containing molybdenum was subjected for 
adsorption further to check the adsorption capability of 
sludge biochar.

2. Materials and methods

2.1. Materials

Analytical grade ammonium heptamolybdate ((NH4)6 
Mo7O24·4H2O, Macklin Reagent Ltd., Shanghai, China) was 
employed to prepare a stock solution of Mo(VI). The other 
chemicals used were of analytical grade. Deionized (DI) 
water was used to prepare solutions throughout the study. 
The natural source water samples containing Mo(VI) were 
collected from watershed of Luhun Reservoir (Luoyang 
City, China).

2.2. Preparation of sludge biochar

The municipal activated sludge was collected from the 
dewatering stage of Matougang Wastewater Treatment 
Plant (Zhengzhou City, China). The collected sludge was 
air-dried, ground and screened through a 40 mesh sieve 
for further use. The detailed preparation of sludge biochar 
can be referred to our previous study [14]. The activated 
sludge was pyrolyzed in a muffle furnace at selected tem-
peratures (200°C, 300°C, 400°C, 500°C and 600°C) for 2 h. 
These biochars were also treated in a 4 mol/L HCl acid 
solution to get demineralized biochars for subsequent 
use. These demineralized sludge biochars were hereaf-
ter referred to as D-BC200, D-BC300, D-BC400, D-BC500 
and D-BC600, respectively wherein the suffix number 
represented the pyrolytic temperature.

2.3. Characterization

The surface morphology of the raw sludge and related 
biochars pyrolyzed at different temperatures was character-
ized using a Philips Quanta-2000 (Netherlands) scanning 
electron microscope (SEM) coupled with an energy- 
dispersive X-ray (EDX) spectrometer. Chemical analysis 
was performed using X-ray photoelectron spectroscopy 
(ESCALAB 250Xi, XPS, USA) technique. The acidic func-
tional groups (i.e., carboxyl, lactonic, and phenolic) was 
determined using Boehm’s titration method [15,16]. Zeta 
potential of D-BC200 was measured on the Zetasizer Nano 
S system (Malvern, UK).

2.4. Batch adsorption studies

Adsorption of molybdenum (Mo(VI)) onto the sludge 
biochars were performed in batch experiments. The stock 
solutions of Mo(VI) (500 mg/L) were prepared by dissolv-
ing ammonium heptamolybdate in DI water. All working 
solutions with the desired concentration were prepared 
by diluting the stock solution with DI water. Sludge bio-
char (10.0 mg) was added to conical flasks containing 
50 mL solution with a Mo(VI) concentration of 5 mg/L. 
Constant and vigorous stirring was maintained by mechan-
ical agitation for 24 h. For the kinetics study, 200 mg of 
sludge biochar were added to 1,000 mL solution with 
initial Mo(VI) concentration of 20 mg/L. The adsorption 
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reaction was carried out at 298 K except where the effect 
of reaction temperature was under study. All solution pH 
values were maintained at neutral pH except the study 
of pH effect. Solution pH adjustment was conducted by 
the addition of dilute HCl or NaOH solutions.

2.5. Analysis methods

After adsorption, samples were collected and filtered 
through a 0.45 μm syringe membrane before analysis. 
Shimadzu UV-Visible (Japan) recording UVmini-1240 spec-
trophotometer was used for measuring the concentration 
of Mo(VI) by colorimetric method and the wavelength of 
maximum absorption at 465 nm was fixed for monitoring [17].

The removal percentage of Mo(VI) was given by:
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The adsorption capacities (qe, qt) were calculated as 
follows:
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where qe and qt (mg/g) are the adsorption capacities at 
equilibrium and a time t (min); C0, Ce and Ct (mg/L) are 
the concentrations of Mo(VI) at initial stage, equilibrium 
and a time t (min), respectively; V (L) is the volume of 
solution, and W (g) is the mass of the sludge biochar used.

3. Results and discussion

3.1. Effect of pyrolytic temperature of sludge biochar and biochar 
dose on Mo(VI) uptake

As for Mo speciation, the oxidation state of this metal 
can change from −2 to +6 depending on the solution pH 
and electric potential, while Mo occurs principally in 
the hexavalent oxidation state as molybdate oxoanions 
(MoO4

2−) [18]. By contrast, as the contents of C, H and O 
on sludge biochar varied with the pyrolytic temperature, 
the surface properties of biochars including the contents 
of surface functional groups were expected significantly 
altered accordingly. Hence, the effect of pyrolytic tempera-
ture of sludge biochar on Mo(VI) uptake was investigated, 
as illustrated in Fig. 1a. Typically, the Mo(VI) uptakes on 
the raw sludge, D-BC200, BC300 and BC600, at 24 h, were 
1.05, 4.70, 2.20 and 2.75 mg/g, respectively. Apparently, 
the sludge biochar had a better performance in Mo(VI) 
removal compared to the raw sludge, while D-BC200 dis-
played better adsorption capacity compared to other sludge 
biochars involved. This indicated that the specific surface 
chemistry of D-BC200 was quite beneficial for Mo(VI) 
uptake. Meanwhile, the low pyrolytic temperature for bio-
char preparation can save a lot of energy, while the yield 
percentage of D-BC200 (about 90%) is much higher than 

other biochars. Low-temperature production is advanta-
geous for biochar utilization. As such, the D-BC200 was 
selected for the following tests from a practical point of 
view. Concurrently, the effect of sludge biochar D-BC200 
dose on Mo(VI) uptake was also explored and presented 
in Fig. 1b. The Mo(VI) uptakes at D-BC200 dose of 10, 
20 and 40 mg reached 4.70, 2.80 and 1.51 mg/g, respec-
tively. An increased dose of D-BC200 could significantly 
improve the removal of Mo(VI).

3.2. Effect of solution pH on Mo(VI) adsorption kinetics

The effect of solution pH on the adsorption kinetics of 
Mo(VI) by the sludge biochar D-BC200 was investigated at 
pH 5, 7 and 9, respectively. Typical kinetics models, includ-
ing the Elovich model, the pseudo-first-order and pseudo- 
second-order models were used to fit the experimental data.

The non-linear and linear pseudo-first-order models are 
expressed as [19]:
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The non-linear and linear pseudo-second-order 
models can be expressed as [20]:
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where qe and qt are the adsorption capacities (mg/g) of 
the sludge biochar D-BC200 at equilibrium and at time 
t (min), respectively; k1 (min–1) and k2 (g/(mg min)) are the 
adsorption rate constant for the pseudo-first-order and 
pseudo- second-order model, respectively.

The Elovich model, which is used to describe 
chemisorption occurring on a solid–liquid interface, can be 
expressed as [21,22]:

q k t at � � � �ln  (8)

where a (g mg/min) and k (mg/g) are constants.
For simplicity, the non-linear simulation at pH 5, 7 and 9 

is plotted in Fig. 2. It can be observed that 88.9% of Mo(VI) 
were adsorbed on D-BC200 within the initial 120 min, fol-
lowed by a slower adsorption phase. The adsorption equi-
librium can be achieved within 24 h. From Fig. 2, although 
the three kinetic models could fit the experimental data, 
only pseudo-second-order model was the best to simulate 
the data as the experimental points were much close to 
the fitted curve of pseudo-second- order model. Further, 
from the simulated kinetic parameters listed in Table 1, 
the determined coefficients (R2) values of the non-lin-
ear pseudo-second-order kinetics model were all much 
higher than those of the non-linear pseudo-first-order 
and Elovich model. The calculated qe values were much 
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close to the experimental values using the pseudo- second-
order kinetics model as well. Further, from Figs. 2d and e, 
linear pseudo-first-order kinetics model failed to describe 
the adsorption kinetics while linear pseudo-second- order 
kinetics model was a better choice as the data points were 
much close to its simulated curves. The higher R2 values 
of the linear pseudo- second-order kinetics model listed 
in Table 2 confirmed the result as well. Apparently, the 
pseudo-second-order kinetics model fitted the experi-
mental data better, and it can be deduced that Mo(VI) 
uptake on D-BC200 was controlled by a chemisorption  
process.

On the other hand, from Fig. 2 and Table 1, the adsorp-
tion process was highly pH-dependent, and the uptake 
of Mo(VI) increased with decreasing solution pH. As the 
biochars are normally negatively charged [6], D-BC200 sur-
face with abundant oxygen-containing functional groups 
could become more negatively charged with an increase 
in solution pH. Meanwhile, the distribution of different 
Mo(VI) species found in solutions are MoO4

2−, HMoO4
–, 

H2MoO4, Mo7O21(OH)3
3–, Mo7O21(OH)2

4–, Mo7O23(OH)5
–, and 

Mo7O24
6– [23]. The predominant charges of Mo(VI) are nega-

tive. As such, it is expected that the electrostatic attractive 
force could be enhanced with decreasing solution pH. As 
illustrated in Table 1, at pH 5, 7 and 9, the simulated qe val-
ues from non-linear pseudo-second-order kinetics model 
are 5.37, 3.61 and 1.28 mg/g, respectively. This indicated 
that electrostatic force and hydrogen bond played a major 
role during adsorption. At the same time, it demonstrated 
that the pH-sensitive functional groups such as carboxyl 
and phenolic groups contributed to Mo(VI) removal to a 
large extent.

3.3. Adsorption isotherm

Adsorption isotherm study for Mo(VI) onto D-BC200 
was conducted at three different reaction temperatures 
including 288, 298 and 308 K. Traditional isothermal mod-
els including Langmuir and Freundlich equations were 
used to fit the experimental data.

The Langmuir equation is represented as [24]:

q
q k C
k Ce

m L e

L e

�
�1

 (9)

The Freundlich equation is represented as [25]:

q k Ce F e
n= 1/  (10)

where qe is the amount of Mo(VI) adsorbed onto D-BC200 
(mg/g), Ce is the equilibrium concentration (mg/L), qm is 
the maximum adsorption capacity of D-BC200 (mg/g), 
kL is the equilibrium adsorption constant related to the 
affinity of binding site (L/mg), kF (mg(1–1/n) L1/n/g) is the 
Freundlich constants related to the adsorption capacity.

As illustrated in Fig. 3, D-BC200 had a strong adsorp-
tion capability for Mo(VI) at the three temperatures, while 
the Mo(VI) uptake increased with decreasing reaction 
temperature, indicating a endothermic adsorption pro-
cess. The adsorption isotherm data at the three tempera-
tures were simulated by Langmuir and Freundlich models. 
The experimental points were quite close to the simulated 
curves from Langmuir and Freundlich models. Actually, 
both isotherm models well described the adsorption process 
under the three temperatures. From the simulated isotherm 
parameters listed in Table 3, the R2 values from Langmuir 
models were slightly higher than those from Freundlich 
models, indicating that the adsorption was dominated by 
single-layer adsorption. At the same time, the results of fit-
ting by the Langmuir equation showed that the maximal 
adsorption capacities at 288, 298 and 308 K were 101.9, 82.1 
and 74.3 mg/g, respectively. This indicates that the decreased 
temperature favored the Mo(VI) uptake and the adsorp-
tion process was endothermic in nature. Additionally, from 
Table 4, D-BC200 has a comparatively higher adsorption 
capability for Mo(VI) uptake among various adsorbents.

3.4. Adsorption thermodynamics

Thermodynamic parameters associated with the adsorp-
tion process including standard free energy change (ΔG°), 
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Fig. 1. Effect of pyrolytic temperature of sludge biochar (a) and biochar D-BC200 dose (b) on Mo(VI) uptake.



G. Li et al. / Desalination and Water Treatment 226 (2021) 292–302296

standard enthalpy change (ΔH°) and standard entropy 
change (ΔS°) were calculated using the following equations:

�G RT k� � � ln 0  (11)

� � �G H T S� � � � �  (12)

ln k H
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In these equations, T is in Kelvin; ΔH° is the entropy 
of adsorption and R is the universal gas constant (8.314 J/
mol K). The thermodynamic equilibrium constant k0 
for the adsorption process was determined by plotting 
lnqe/Ce vs. qe and extrapolating to zero qe using a graphical 
method [33]. The values of ΔH° and ΔS° can be obtained 
from the slope and intercept of a plot lnk0 vs. the reciprocal 
of absolute temperature (1/T) (Fig. 4).

It can be seen from Table 5 that the enthalpy and entropy 
of the adsorption process are –39.3 kJ/mol and –125.6 J/
mol K, respectively. The negative value of ΔG° and pos-
itive value of ΔH° indicated that the adsorption process is 
spontaneous and endothermic, which is consistent with 
the afore-mentioned results.

3.5. Adsorption mechanism

The SEM image and zeta potential of the biochar 
D-BC200 are shown in Fig. 5. The morphologies of the bio-
char D-BC200 clearly demonstrate a quite irregular struc-
ture. Most of the biochar D-BC200 particles are below 20 μm 
in size, and a porous structure is apparently observed within 
the particles. From EDX analysis, the carbon contents of 
the raw sludge and D-BC200 are 50.8% and 53.0%, respec-
tively, while the oxygen content decreased from 37.8% of 
the raw sludge to 24.9% of the D-BC200. From Fig. 5b, the 
zeta potential of the biochar D-BC200 was around –10 mV, 
indicating that D-BC200 is mainly negatively charged on 
its surface. By Boehm titration, the contents of acidic func-
tional groups including carboxyl, lactonic and phenolic 

groups on D-BC200 were detected to be as much as 0.758, 
0.132 and 0.160 mmol/g, respectively. As stated above, these 
acidic functional groups might have been responsible for 
the excellent adsorption performance for Mo(VI).

As the states of carbon and oxygen elements are quite 
complicated on biochar surface, XPS spectra of O1s, C1s and 
wide scan XPS spectra of the biochar D-BC200 were mea-
sured and presented in Fig. 6. For full XPS scan illustrated 
in Fig. 6a, an obvious difference is that a photoelectron peak 
at around 399.7 eV of N1s was observed on D-BC200, indi-
cating a comparatively higher N content on D-BC200 than 
that on BC600.

From Figs. 6b and c, the O1s intensity of D-BC200 was 
apparently higher than that of D-BC600, while the C1s inten-
sity of D-BC600 was much higher than that of D-BC200. 
These demonstrated a higher O content on D-BC200 and 
higher C content on D-BC600, which is consistent with the 
afore-mentioned results. Further, the asymmetric C1s XPS 
patterns for the two biochars can be quantitatively differ-
entiated into five different carbon stages as illustrated in 
Figs. 6d and e, including the sp2 hybridized carbon (C=C, 
284.6 eV), the sp3 hybridized carbon (C–C, about 285.0 eV), 
alcohol/ether group (C–O, about 286.2 eV), and carbonyl 
group (C=O, about 287.4 eV) and carboxyl acid/ester group 
(O–C=O, about 288.7 eV) [34,35]. From Figs. 6d and e, it 
demonstrated that both biochars have abundant C–O and 
O–C=O groups on their surface, while the abundance of C–O 
and O–C=O groups on D-BC200 is much higher than that 
on D-BC600 judged from the intensities of peaks. Although 
D-BC600 had a very strong photoelectron peak at around 
287.4 eV of carbonyl groups, the carbonyl groups did not 
contribute to the adsorption considering the adsorption 
capability of D-BC600. Besides, from Table 6, the chemical 
state assignments demonstrated that the contents of C–O 
and O–C=O groups are much higher on D-BC600 than those 

Table 1
Non-linear kinetics parameters simulated by the pseudo-first- 
order, pseudo-second-order and Elovich models for Mo(VI) 
adsorption on D-BC200

Model Parameters pH = 5 pH = 7 pH = 9

Pseudo-first-order qe (mg/g) 5.12 3.36 1.19
k1 (min–1) 0.156 0.041 0.071

Pseudo-second-order R2 0.758 0.900 0.897
qe (mg/g) 5.37 3.61 1.28
k2 
(g/(mg min))

0.044 0.017 0.072

Elovich R2 0.937 0. 985 0.976
a 2.85 0.579 0.322
k 0.422 0.473 0.155
R2 0.858 0.896 0.846

Table 2
Linear kinetics parameters simulated by the pseudo-first-order and pseudo-second-order models for Mo(VI) adsorption on D-BC200

Pseudo-first-order model Pseudo-second-order model

qe (mg/g) k1 (min–1) R2 qe (mg/g) k2 (mg/g min) R2

pH = 5 1.40 0.001 0.432 5.79 0.020 0.999
pH = 7 1.13 0.002 0.660 3.64 0.017 0.999
pH = 9 0.44 0.001 0.560 1.31 0.055 0.999

Table 3
Langmuir and Freundlich isotherm parameters for the adsorp-
tion of Mo(VI) onto D-BC200

Model Parameters 288 K 298 K 308 K

Langmuir
qmax (mg/g) 101.9 82.1 74.3
kL (L/mg) 0.033 0.022 0.020
R2 0.992 0.995 0.983

Freundlich
kF (mg(1–1/n) L1/n/g) 10.7 5.94 4.80
n 2.36 2.09 2.02
R2 0.916 0.940 0.915
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on D-BC200. However, the total amount of C–O and O–C=O 
groups on D-BC600 is still particularly lower than that on 
D-BC200. As such, the surface functional oxygen-contain-
ing groups still played the most important roles for Mo(VI) 
removal.

The existing Mo(VI) species are significantly affected 
by solution pH. The concentrations of poly-molybdenum 
acid ions including HMo7O24

5− and H2Mo7O24
4− increase dra-

matically, while the concentrations of H2MoO4 and HMoO4
− 

become insignificant especially when Mo(VI) species is 
higher than 1 mg/L [17]. The concentration of Mo(VI) in this 
research was 5 mg/L and HMo7O24

5− and therefore H2Mo7O24
4− 

were deduced to be the main Mo(VI) species accordingly. 
On the other hand, it was confirmed that Mo(VI) adsorp-
tion onto adsorbents is dependent on the surface chem-
ical nature rather than the porosity characteristics [13]. 
The surface total acidic sites of carbonaceous adsorbents 

Table 4
Comparison of Mo(VI) adsorption capacities on various sorbents

Sorbents qm (mg/g) Solution pH References

Sludge biochar D-BC200 82.1 7 This study
WB200 33.4 N.A. [10]
WB1000 84.0 N.A. [10]
Maghemite 33.4 5 [26]
Nano-magnetic CuFe2O4 30.6 2.8 [9]
Mesoporous zirconium silicate 22.8 N.A. [27]
NaOCl-oxidized multiwalled carbon nanotubes 20.2 Neutral [13]
ZnCl2 activated coir pith carbon 14.4 N.A. [28]
Waste Fe(III)/Cr(III) hydroxide 12.3 Initial pH 4.0 [29]
Iron-based adsorbents 10.4 3 mol/L HNO3 [30]
Chitosan adsorbent 124.3 7.8 [12]
Mo(VI) ion-imprinted polymer 126.1 3 [31]
Microcrystalline anthracene modified with 8-hydroxyquinoline 45.1 N.A. [32]

N.A. = Not available;
The suffix of BC indicates the pyrolytic temperature for biochar.
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had a direct correlation with heavy metal ion adsorption 
from aqueous solutions [36]. Ogata et al. [10] reported 
that the hydroxyl groups (–OH) present on the surface of 
wheat bran act as the major functional groups in Mo(VI) 
adsorption. As such, the surface acidic functional groups 
have actually contributed to the adsorption of Mo(VI) onto 
D-BC200 dramatically. In terms of carbonaceous adsorbents, 
both the content and the species of surface acidic func-
tional groups should be considered for removal of heavy  
metal ions.

3.6. Effect of co-existing anions and natural organic 
matter on Mo(VI) adsorption

As coexisting anions and natural organic matter (NOM) 
are ubiquitous in environmental waters, the effect of coex-
isting anions and NOM (humic acid) were investigated 
and illustrated in Fig. 7. Naturally occurring anions such as 
HCO3

–, Cl–, SO4
2– and HPO4

2– are negatively charged, which 
could compete with these negatively-charged Mo(VI) spe-
cies for the uptake on D-BC200. From Fig. 7a, the four 
anions were evidently capable of inhibiting the Mo(VI) 
uptake, in which HPO4

2– had the strongest inhibiting effect. 
Meanwhile, from Fig. 7b, the uptake of Mo(VI) declined 
moderately with increasing NOM dosage. This indi-
cated that the inhibiting effect of NOM on the removal of 
Mo(VI) from natural waters could be insignificant to some  
extent.

3.7. Application for environmental reservoir water treatment

In order to check the practical applicability of the bio-
char D-BC200 for Mo(VI) removal, natural water sam-
ples containing Mo(VI) were collected from watershed of 
Luhun Reservoir (Luoyang City, China) during spring. The 
Mo(VI) concentrations in spring samples were 0.164 mg/L, 
respectively. The pH of reservoir water was around 8 
and CODMn was about 4.0. By adding 10 mg of D-BC200 
in 50 mL of reservoir water, the Mo(VI) concentration 
became undetected after 24 h of shaking. As such, biochar 
D-BC200 has the potential for water purification in practical  
water plant.

4. Conclusions

Pyrogenic sludge biochar derived from an industrial 
waste, activated sludge, was synthesized and utilized for 
adsorptive removal of Mo(VI) from contaminated water. 
The sludge biochar performed better than the raw sludge, 
while D-BC200 displayed better adsorption capacity com-
pared to other sludge biochars. Both the non-linear and lin-
ear pseudo-second-order kinetics model better described 
the experimental kinetics as compared to the Elovich and 
linear pseudo-first-order model, indicating a chemisorp-
tion process. Langmuir isotherm model described adsorp-
tion isotherm slightly better than Freundlich model. 
The maximal adsorption capacity at 298 K was as much 
as 82.1 mg/g. This indicated that the adsorption process 
was spontaneous and endothermic. The surface functional 
oxygen-containing groups played the most important role 
for Mo(VI) removal. Both coexisting anions and natural 
organic matter could inhibit adsorption of Mo(VI) to some 
extent. Mo(VI) was completely removed when D-BC200 
was applied for the removal of Mo(VI) from natural  
reservoir water.
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Fig. 5. SEM image (a) and zeta potential (b) of the biochar 
D-BC200.

Table 5
Thermodynamic parameters at different reaction temperatures

T (K) lnk0 ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol K)

288 1.28 –3.07 –39.3 –125.6
298 0.58 –1.44 –39.3 –125.6
308 0.22 –0.56 –39.3 –125.6

Table 6
Chemical state assignments for D-BC200 and D-BC600 (%)

C=C C–C C–O C=O CO–O

D-BC200 34.3 58.3 3.85 / 3.54
D-BC600 27.0 26.2 17.7 14.5 14.6
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