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Abstract: Tannery sludge usually has high content of trivalent chromium (Cr(III)) and ammonium-nitrogen
(NH4

+-N). It is important to make a critical evaluation of the releasing behaviors of Cr(III) and
NH4

+-N from tannery sludge before its use on improving soil fertility in agricultural applications.
For this purpose, static batch and dynamic leaching experiments with different mathematical models
were carried out to simulate the Cr(III) and NH4

+-N releasing kinetics from tannery sludge sampled
in a typical tannery disposal site in North China, and their influencing factors were also discussed.
The results showed that a larger solid-liquid ratio, a higher temperature, and a lower pH value
of the leaching solution were beneficial for the release of Cr(III) and NH4

+-N from the tannery
sludge. The release kinetics of Cr(III) and NH4

+-N followed parabolic diffusion and simple Elovich
models both in the static and dynamic leaching conditions, indicating that the release was a complex
heterogeneous diffusion process. The NH4

+-N was easy to be leached out and its released amount
reached 3.14 mg/g under the dynamic leaching condition (pH 7), whereas the released amount of
the Cr(III) was only 0.27 µg/g from the tannery sludge. There was a positive correlation coefficient
between dissolved Fe and Cr(III) in the leachate under different leaching conditions, and the calculated
average ratio of Fe/Cr(III) concentration was 3.56, indicating that the small amount of the released
Cr(III) came from the dissolution of Cr0.25Fe0.75(OH)3 minerals in tannery sludge.
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1. Instruction

In China, large quantities of tannery sludge (about 30 million tons per year), which usually
contains a high content of trivalent chromium (Cr(III)) (1–4%, wt/%), are generated during the tanning
process [1,2]. However, due to the lack of landfill sites and expensive treatment costs, the illegal
disposal of tannery sludge onto farmland by some tanning factories was a common phenomenon over
the past few years in China [3]. The release risk and accumulation of Cr(III) from tannery sludge has
become a major environmental concern [4,5].
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Cr(III) is relatively less toxic and stable when the soil pH is above 6.0 [6]. Therefore, for the tannery
sludge which were pretreated by iron flocculation and precipitation, some researchers suggested that
applying them in agricultural soil can effectively solve their disposal problem in the environment [7].
However, during the long-term leaching condition, there still exists a high release risk of Cr(III) from
this kind of tannery sludge, which often contains a high Cr(III) content of tens of milligrams per
gram [8]. In addition, the accumulation of Cr(III) in soil and water also have a serious toxic effect
on human health and the environment, which can cause allergic skin reactions and cancer [9,10].
The World Health Organization and the US Environmental Protection Agency have set the maximum
permissible concentration of Cr in drinking water at 50 µg/L [11]. The releasing rate and cumulative
release amount of Cr(III) from tannery sludge in different leaching conditions needs to be analyzed
carefully before its agricultural applications, especially in the acid rain region [12]. In addition to Cr(III),
tannery sludge also contains a high content of ammonium-nitrogen (NH4

+-N) due to the abundant
use of ammonium salt in the deliming process. Although an appropriate content of NH4

+-N would
have some beneficial effects on soil fertility, whereas a high concentration of NH4

+-N releasing from
tannery sludge may cause the nitrogen accumulation in soils. Under the long-term action of indigenous
nitrifying bacteria, NH4

+-N is easily transformed in the soil to nitrate (NO3
−-N) [13], causing the

secondary contamination to deep soils and groundwater. New investigation of a typical soil profile
with long-term tannery sludge contamination demonstrated that the characteristic contaminants were
Cr(III) and NH4

+-N in shallow soil [14]. Nevertheless, limited efforts have been directed towards
the assessment of Cr(III) and NH4

+-N release behaviors from the tannery sludge under different
leaching conditions.

This paper focuses primarily on the release characteristics and mechanisms of Cr(III) and NH4
+-N

from the tannery sludge. The static batch and dynamic leaching experiments were conducted
to evaluate the release behaviors of Cr(III) and NH4

+-N under the different leaching conditions.
In addition, the factors influencing the release mechanisms of Cr(III) and NH4

+-N, such as the contact
time, liquid-solid ratio, temperature, and pH of the leaching solution, were explored using different
mathematical models (parabolic diffusion, power function and simple Elovich). The corresponding
achievements were expected to provide a scientific basis to support the pollution risk assessment and
effective disposal of the tannery sludge.

2. Materials and Methods

2.1. Tannery Sludge and Its Characterization

The tannery sludge used in the experiments was obtained from an illegal tannery sludge disposal
site in Hebei province of China (37◦52′ N, 115◦15′ E), which was mainly generated from the neighboring
tannery industries. The sampling was repeated five times at the different storage points of tannery
sludge to obtain five subsamples (1 kg). Subsequently, a representative sample (5 kg) was taken by
mixing them well at each sampling point, and then directly placed in a pre-cleaned polyethylene
sealable bag. On return to the laboratory, the tannery sludge was air-dried, crushed, homogenized,
and passed through 20 mesh nylon sieves for the subsequent batch and column experiments.

The physicochemical characteristics of the tannery sludge were shown in Table 1. The alkaline
tannery sludge has high contents of moisture and organic matter. Due to the simple pretreatment
by ferric flocculant and precipitation with alkali before sludge dumping, the high content of Cr(III)
(30,800 mg/kg) mainly existed in a stable state of Fe/Cr oxides in the tannery sludge, which was
demonstrated by the X-ray diffraction (XRD), X-ray fluorescence (XRF) and X-ray photoelectron
spectroscopy (XPS) results in our previous study [14]. The NH4

+-N (16,080 mg/kg) and organic-nitrogen
(16,500 mg/kg) were extremely high in the tannery sludge, which were generated during the tanning
processes of NH4

+-N deliming and protein catabolism [15].



Int. J. Environ. Res. Public Health 2020, 17, 6003 3 of 11

Table 1. Physicochemical characteristics of the tannery sludge.

Parameter Value Parameter Value Parameter Value

pH 7.67 Total Cr/mg/kg 30,970 Cr2O3/% 29.00
Moisture/% 64.10 Cr(III)/mg/kg 30,800 Fe2O3/% 28.61
TOC/wt % 14.30 Cr(VI)/mg/kg 170 CaO/% 7.04
Salinity/mg/kg 99,000 total nitrogen/mg/kg 33,080 SiO2/% 5.80
C/% 11.93 NH4

+-N/mg/kg 16,080 Na2O/% 3.87
N/% 2.63 organic-nitrogen/mg/kg 16,500 Al2O3/% 2.19

2.2. Experimental Set-Up

2.2.1. Batch Leaching Experiments

Three batch experiments were designed to evaluate the effects of solid-liquid ratio (SLR),
temperature, and pH on the release of Cr(III) and NH4

+-N from tannery sludge to solution. For the SLR
experiments, 1 g of the tannery sludge samples were respectively added into a series of 50 mL centrifuge
tubes and a certain volume of deionized water was added to keep the SLR ratio to be 1:10, 1:20 and
1:40. The tubes were shaken in a shaker (170 rpm) at room temperature (25 ◦C). For the temperature
experiments, 1 g of the tannery sludge samples were added into a series of 50 mL centrifuge tubes
with 10 mL deionized water. The tubes were shaken in a shaker (170 rpm) at 15 ◦C, 25 ◦C, and 35 ◦C,
respectively. For the pH experiments, 1 g of the tannery sludge were mixed with 10 mL solution with
different pH value in a series of 50 mL centrifuge tubes, respectively. The initial solution pH was
adjusted to 1.0, 3.0, 5.0, and 7.0 by HCl or NaOH solution. The tubes were shaken in a shaker (170 rpm)
at room temperature (25 ◦C). All the experiments were carried out in duplicate. The redox potential
(ORP) and pH of solutions were measured immediately, and the samples were collected and filtered
through a 0.45-µm membrane filter prior to the measurement of total Cr, Fe, Cr(III), and NH4

+-N
concentrations. Unless otherwise indicated, all chemicals and reagents used in the experiments were
analytical grade.

2.2.2. Column Leaching Experiment

Effect of acid rain pH on leaching behavior of Cr(III) and NH4
+-N from tannery sludge were

simulated. The column leaching experiments were conducted with three glass columns (height,
10 cm; internal diameter, 2.4 cm) to evaluate the dynamic release characteristics and the cumulative
release amounts of Cr(III) and NH4

+-N with different pH leaching solution. The middle parts of the
columns were packed with dry tannery sludge (30 g), and a layer (1 cm and 1.5 cm) of fine quartz
sand (40–80 mesh) were respectively placed on the top and bottom of the columns to ensure a good
flow distribution. The leaching solution with different pH values (adjusted to 3.0, 5.0, and 7.0 by
HCl) were pumped downward through the three columns by a multi-channel peristaltic pump,
respectively. The leaching rate was set as 62.5 mL/d based on the infiltration rate of precipitation in the
study area. The leachate samples were collected at regular interval of time and filtered immediately
through a 0.45-µm membrane filter prior to the measurement of the total Cr, total Fe, Cr(III), Cr(VI),
and NH4

+-N concentrations.

2.3. Analytical Methods

The total Cr and Fe concentrations of leachate were determined by inductively coupled
plasma atomic emission spectrometry (iCAP6300, Thermo Scientific, Waltham, MA, USA).
The Cr(VI) concentration was determined with 1,5-diphenylcarbazide at 540 nm, using a UV-visible
spectrophotometer (UV-2550, Shimadzu, Kyoto, JPN). The Cr(III) concentration was calculated by
subtracting Cr(VI) from the total Cr concentration. The NH4

+-N and NO3
−-N were analyzed using

the UV-2550 spectrophotometer at λmax 420 nm, 220 nm and 275 nm, respectively. The concentrations
of dissolved organic matter (DOC) and organic nitrogen were determined by a total organic carbon
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analyzer (TOC-L CPH, Shimadzu, Kyoto, JPN). An elemental analyzer (vario EL cube, Elementar,
Frankfurt, GER) was utilized for the element analyses of C and N. Solution pH was measured with a
digital pH meter (PB-10, Sartorius, Goettingen, Germany). The ORP value of solution was determined
using a portable ORP analyzer (A221, Thermo Orion, Waltham, MA, USA). The instruments were all
calibrated before measuring the samples. The minimum detectable concentration of total Cr, Fe, Cr(VI),
NH4

+-N, and NO3
−-N were 0.05 mg/L, 0.04 mg/L, 0.004 mg/L, 0.025 mg/L and 0.08 mg/L, respectively.

2.4. Mathematical Models

Previous studies have demonstrated that the release kinetics of inorganic cations and heavy metals
from sludge can be simulated more accurately by the parabolic diffusion (Equation (1)), power function
(Equation (2)) and simple Elovich (Equation (3)) models [16,17]. The three classic models above were
used to characterize the release kinetics of Cr(III) and NH4

+-N from the tannery sludge, which were
described as follows.

Parabolic diffusion : qt = a + kpt1/2 (1)

Power function : ln qt = ln b + k f lnt (2)

simple Elovich : qt = c + kslnt (3)

where qt (mg·kg−1, dry weight) is the amount of compounds released after reaction time (h); a, b, and c
are the constant; t is the time (h); kp is the diffusion rate constant (mg·kg−1)−0.5; k f is the rate coefficient
value (mg·kg−1)−1; ks is the release rate constant (mg·kg−1). All parameters can be determined by
the regression of the experimental data which were fitted using the Origin 8.0 software (OriginLab,
Northampton, MA, USA).

The total release amount (qtotal, mg) of Cr(III) or NH4
+-N in each column is equal to the area under

the plot of the effluent concentration (Ct, mg/L) versus leaching time at the condition of a given flow
rate (Equation (4)).

qtotal =
Q

1000

∫ t=ttotal

t=0
Ctdt (4)

where Q is the leaching volume (mL) and ttotal is the total leaching time (h) of each column, respectively.
The average release amount (qav, mg/g) of Cr(III) and NH4

+-N from the tannery sludge can be
further calculated using qtotal to divide the weight of the tannery sludge in each column (Equation (5)):

qav =
qtotal

m
(5)

where m is the dry mass of the tannery sludge filled in each column (g).

3. Results and Discussion

3.1. Releasing Behavior of Cr(III) and NH4
+-N under the Different Experimental Conditions

The release curves of Cr(III) and NH4
+-N from the tannery sludge under the conditions of

different SLR, temperature and pH values were shown in Figure 1. The unit release amounts of Cr(III)
and NH4

+-N both increased steadily with the increasing contact time under the different reaction
conditions, and the release processes of Cr(III) and NH4

+-N were both composed of two steps of
different mechanisms: rapid release and slow release. At the initial rapid release phase (0–1 h),
the released Cr(III) and NH4

+-N mainly came from the water-soluble fraction in the pore structure
and the insoluble fraction adsorbed through van der Waals forces on the surface of tannery sludge,
which were easily desorbed and released into the aqueous phase from the solid medium [18,19]. At the
subsequent slow release phase (1–24 h), the release rates of Cr(III) and NH4

+-N decreased drastically
and became stabilized after 24 h. This could be attributed to the release of these cationic fractions
strongly adsorbed on the mineral and internal surfaces in the tannery sludge [20,21]. Under the
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condition of SLR 1:10, T 25 ◦C and pH 7, the maximum unit release amount of NH4
+-N reached to

808.5 mg/kg, whereas the maximum release amount of Cr(III) was only 1.5 mg/kg. The release amount
of NH4

+-N was significantly larger and the release rate was faster compared to Cr(III). Besides, no Cr(VI)
(below detectable limit, 0.004 mg/L) was detected under the different experimental conditions.

  

 

Figure 1. The release amounts of Cr(III) and NH4+-N under the different conditions ((A): solid-
liquid ratio (SLR); (B): temperature; (C): pH; Solid legend means Cr(III), and hollow legend 
means NH4+-N). 

 

 

Figure 2. The Changes of ORP and pH values in leachate under the different conditions ((A): 
redox potential (ORP); (B): pH). 

 

Figure 1. The release amounts of Cr(III) and NH4
+-N under the different conditions ((A): solid-liquid

ratio (SLR); (B): temperature; (C): pH; Solid legend means Cr(III), and hollow legend means NH4
+-N).

With the increase of SLR value, the unit release amounts of Cr(III) and NH4
+-N increased

remarkably (Figure 1A). There would be enough water to react with the tannery sludge at a high SLR
value. On the other hand, the mass transfer resistance could be decreased in the water-solid interface
at a high SLR value, which could increase the diffusion ability of dissolved compounds [22].

Generally, the diffusion capacity of ions is promoted at a high temperature in the solid-liquid
system [23,24], and an elevated temperature increased the unit release amounts of Cr(III) and NH4

+-N
from tannery sludge (Figure 1B). Since the tannery sludge contains high content of nitrogenous organic
matters, such as organic acid, fat, and protein, it is easier for the organic matter decomposition by
microbial activity [25]. The ORP value of solution decreased rapidly from initial 130 mv to nearly
−70 mv at the relatively high temperature and neutral pH condition (Figure 2A), which indicated the
occurrence of the organic matter decomposition of the tannery sludge. Under the reduction condition,
the released NH4

+-N was increased due to the hydrolysis and decomposition of nitrogenous organic
matters in tannery sludge [8]. In addition, the iron (Fe) bioreduction would be promoted with the
organic matter mineralization [26], and partial Cr(III) combined with Fe oxides could be released into
solution with the dissolution of Fe complex in the tannery sludge.

The unit release amount of Cr(III) increased with the decrease in pH, whereas the release amount
of NH4

+-N was obviously increased only at the extremely acidic condition (pH 1) (Figure 1C).
The dissolution and desorption processes of ions from sediments were promoted at lower pH value [22].
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Clearly, the high H+ concentration of solution promoted the ion-exchange of H+ with cationic Cr(III)
and NH4

+-N in the tannery sludge. However, at the condition of initial pH range of 3.0–7.0, the pH all
increased rapidly to above 7.2, correspondingly (Figure 2B). This could be attributed to the strong acid
buffer capacity of the tannery sludge, which limited the desorption and release of Cr(III) and NH4

+-N.
In summary, the SLR, temperature and pH of the leachate were found to influence the release

processes of Cr(III) and NH4
+-N. A larger SLR, a higher temperature, and a lower pH value of the

leachate are beneficial for the Cr(III) and NH4
+-N release from the tannery sludge to solution.

  

 

Figure 1. The release amounts of Cr(III) and NH4+-N under the different conditions ((A): solid-
liquid ratio (SLR); (B): temperature; (C): pH; Solid legend means Cr(III), and hollow legend 
means NH4+-N). 

 

 

Figure 2. The Changes of ORP and pH values in leachate under the different conditions ((A): 
redox potential (ORP); (B): pH). 

 

Figure 2. The Changes of ORP and pH values in leachate under the different conditions
((A): redox potential (ORP); (B): pH).

3.2. Release Kinetics Simulated by Mathematical Models

As shown in Table 2, the Cr(III) and NH4
+-N release processes are fitted well with the parabolic

diffusion, power function and simple Elovich models, as indicated by R2 values of 0.857–0.999
(NH4

+-N) and 0.799–0.944 (Cr(III)), respectively. These diffusion models were used to indicate a
diffusion-controlled phenomena of the ion release from soils and medium [27,28]. Thus, the good
fitting results suggested that the Cr(III) and NH4

+-N release from the tannery sludge was mainly a
heterogeneous diffusion-controlled release process. The release rate constants of kp and ks were much
higher for NH4

+-N than those for Cr(III) under the same condition. This was possibly due to the higher
dissolution and desorption abilities of NH4

+-N than those of Cr(III) in solution. Moreover, the constants
kp and ks for NH4

+-N in different models had a positive correlation with SLR and temperature,
whereas no significant relationship was found between these constants and pH. The values of kp and
ks increased with increasing in SLR and temperature, which further demonstrated that the NH4

+-N
release was mainly controlled by diffusion-driven dissolution process [29]. In contrast, The Cr(III)
species mainly precipitated as Cr(OH)3(s) and (Fe,Cr)(OH)3(s) in the tannery sludge, and the release
of Cr(III) was appeared to be controlled by a solubility process instead of an adsorption-desorption
reaction [30,31]. The values of kp, k f , and ks for Cr(III) in different models all increased with the decrease
of pH, suggesting that the release of Cr(III) was controlled by the dissolution-precipitation process.

As shown in Figure 3, there was a positive correlation coefficient between the concentration
of dissolved Fe and Cr(III) released into solution under the different pH (R2 = 0.892), temperature
(R2 = 0.824) and SLR (R2 = 0.794) conditions. The calculated average ratio of dissolved Fe/Cr(III)
concentration was 3.56, which was rather close to the value 3.0 [32] and 3.33 [33] of Fe/Cr content in the
precipitation pattern of Cr0.25Fe0.75(OH)3 reported by the literature. Besides, the XRD, XRF, and XPS
results have demonstrated the Cr(III) was immobilized as a stable Fe/Cr co-precipitation state in the
tannery sludge in our previous study [14]. Thus, the small release amount of Cr(III) was mainly from
the Cr0.25Fe0.75(OH)3 dissolution in the tannery sludge, which was mainly influenced by the low pH
and high temperature of leaching solution.
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Table 2. Calculated kinetic parameters for Cr(III) and NH4
+-N release from the tannery sludge.

NH4
+-N

Parabolic Diffusion Power Function Simple Elovich

a kp R2 b kf R2 c ks R2

SLR
1:10 715.610 53.845 0.999 756.801 0.085 0.962 751.210 77.067 0.937
1:20 844.190 55.292 0.984 893.816 0.073 0.885 887.540 76.290 0.857
1:40 707.350 111.890 0.987 787.387 0.146 0.952 783.250 159.340 0.916

T(◦C)
15 694.220 54.342 0.998 738.484 0.076 0.968 735.340 64.044 0.955
25 681.610 92.591 0.994 762.498 0.116 0.959 751.860 85.245 0.886
35 621.510 165.670 0.991 768.546 0.185 0.979 742.930 154.310 0.904

pH
1 1018.100 16.480 0.910 1028.236 0.020 0.991 1028.100 20.738 0.992
3 724.350 72.013 0.984 789.895 0.088 0.905 783.900 82.109 0.882
5 721.610 66.476 0.971 773.557 0.089 0.968 769.720 79.520 0.957

Cr(III)
Parabolic Diffusion Power Function Simple Elovich

a kp R2 b kf R2 c ks R2

SLR
1:10 0.349 0.140 0.988 0.496 0.234 0.946 0.457 0.194 0.871
1:20 0.261 0.277 0.969 0.455 0.408 0.989 0.408 0.412 0.980
1:40 0.367 0.209 0.971 0.602 0.264 0.923 0.535 0.287 0.843

T(◦C)
15 0.299 0.158 0.990 −0.807 0.264 0.978 0.420 0.185 0.938
25 0.281 0.204 0.965 −0.697 0.278 0.945 0.453 0.181 0.923
35 0.368 0.243 0.977 −0.499 0.283 0.970 0.556 0.222 0.858

pH
1 0.379 0.290 0.989 0.640 0.362 0.994 0.594 0.344 0.958
3 0.223 0.288 0.972 0.517 0.338 0.944 0.452 0.323 0.882
5 0.090 0.281 0.948 0.433 0.318 0.898 0.347 0.318 0.799

“SLR” means the solid-liquid ratio.
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3.3. Dynamic Leaching Behavior of Cr(III) and NH4
+-N under Different Leachate pH

As shown in Figure 4, with the increase in leaching volume, the effluent concentrations of Cr(III)
and NH4

+-N from the tannery sludge were both decreased under the different leachate pH condition
(3.0, 5.0, 7.0). The Cr(III) of below 50 µg/L was only detected in the first 12 days in the three column
effluents. The alkaline tannery sludge had a strong acid buffer capacity, as demonstrated by the effluent
pH of columns of above 7.12, even at the condition of influent pH 3.0. Thus, the Cr(III) was easily
precipitated again and then was difficult to leach out from the columns. In contrast, the NH4

+-N in
the effluent were all above 25 mg/L in the first 12 days of leaching, and its release process could be
divided into 3 steps. In the initial rapid release phase (0–4 d), the large amount of released NH4

+-N
was mainly existed as the soluble forms in the pores, adsorbed on the surface by van der Waals
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forces and cations exchange in tannery sludge. Meanwhile, a quick decrease of DOC concentration
(from a high of 464 mg/L down to 78 mg/L) was also observed in the first 4 days under a different
leaching condition, indicating that large amounts of dissolved organic matters were first leached out
from the tannery sludge. In the second gradual release phase (5–12 d), the leached NH4

+-N was
mainly adsorbed in the inner pores of organic matter and minerals, controlled by the intra-particle
diffusion [34]. In addition, owing to the fact that the tannery sludge has a high organic nitrogen
content and a low C/N ratio (4.53:1) (Table 1), which is beneficial to the hydrolysis of macromolecular
organic nitrogen and occurrence of microbial ammonification [12]. The NH4

+-N was transformed by
the decomposition of organic nitrogen in the tannery sludge and its concentration in column effluent
dropped slowly during this phase. The leached DOC was also kept at a stable concentration range
(from 36.4 to 68.0 mg/L). In the last phase (12–40 d), the small amount of strongly fixed NH4

+-N was
gradually desorbed from the tannery sludge. The easily decomposable organic matters in the tannery
sludge were almost completely consumed, and only low concentrations of DOC (below 3.6 mg/L) were
detected in the effluent of different columns.
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+-N under different leachate pH.

The amounts of Cr(III) and NH4
+-N released from the tannery sludge were cumulatively added

and plotted against the release time (Equation (4)). As shown in Figure 5, the calculated release amount
of Cr(III) was only 0.38 µg/g (pH 3), 0.28 µg/g (pH 5), and 0.27 µg/g (pH 7), while the release amount of
NH4

+-N reached to 3.37 mg/g (pH 3), 3.15 mg/g (pH 5), and 3.14 mg/g (pH 7). The release characteristics
of Cr(III) and NH4

+-N in column leaching experiments were consistent with the results from the batch
experiments, and they all indicated that the high content of NH4

+-N was rather easily released from
the tannery sludge. Under the long-term leaching conditions, in addition to the direct contamination
from the released high concentration of NH4

+-N to shallow soil, the NO3
−-N transformed by microbial

nitrification has a greater pollution risk to deep soil and groundwater.
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4. Release Kinetics under Leaching Conditions

As shown in Table 3, the leaching release curves of Cr(III) and NH4
+-N were also well fitted

by parabolic diffusion and simple Elovich models (R2 = 0.93–0.98), which further indicated that the
releases of Cr(III) and NH4

+-N were controlled by multiple factors such as the adsorption-desorption
rate and diffusion rate. There was no significant change in the NH4

+-N release rate constant under the
different leachate pH, which was consistent with the results from the bath experiments. In contrast,
the Cr(III) release rate constant was significantly affected by the leachate pH. With the leachate pH
increasing from 3.0 to 7.0, the k f decreased from 0.53 to 0.44 and the ks decreased from 57.56 to 44.47,
respectively. These results further indicated that the acidic leachate promoted the release of Cr(III)
from Cr0.25Fe0.75(OH)3 mineral in the tannery sludge, as mentioned in Section 3.2.

Table 3. Kinetic model fitting parameters for Cr(III) and NH4
+-N released from tannery sludge.

NH4
+-N

Parabolic Diffusion Simple Elovich

b kf R2 c ks R2

pH
3.0 6.76 0.27 0.99 763.56 372.52 0.97
5.0 6.66 0.29 0.99 674.55 381.30 0.97
7.0 6.65 0.29 0.99 662.17 370.36 0.96

Cr(III)
Parabolic Diffusion Simple Elovich

b kf R2 c ks R2

pH
3.0 4.07 0.53 0.96 50.81 57.56 0.98
5.0 3.90 0.48 0.98 48.00 43.00 0.93
7.0 4.03 0.44 0.98 40.12 44.74 0.93

5. Conclusions

Based on the research findings, the main conclusions were as follows:
1. The release of Cr(III) and NH4

+-N from the tannery sludge to solution was controlled by a
series of interactive physical-chemical reactions. Contact time, solid-liquid ratio, temperature, and pH
of the leachate were found to significantly influence the Cr(III) and NH4

+-N release process.
2. Parabolic diffusion and simple Elovich models both can satisfactorily describe the release

kinetics of Cr(III) and NH4
+-N from the tannery sludge in the static and dynamic leaching conditions.

The NH4
+-N mainly presented as water-soluble and exchangeable fractions in the tannery sludge,

and the diffusion-controlled process primarily influenced its release to solution. There was a positive
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correlation coefficient between Fe/Cr(III) released into solution under the different leaching conditions,
and the small amount of Cr(III) released was mainly from the Cr0.25Fe0.75(OH)3 dissolution in the
tannery sludge.

3. The release amount of NH4
+-N reached to 3.14 mg/g under the long-term dynamic leaching

condition (pH 7.0), whereas the release amount of Cr(III) was only 0.27 µg/g. Overall, There is low risk
of Cr(III) release from the tannery sludge in the natural environment, and more attention should be
paid to the large amount of released NH4

+-N from the tannery sludge during the leaching process.

Author Contributions: Conceptualization, X.K. and Z.H.; methodology, X.K.; software, L.M.; validation, X.K.,
Z.H. and Z.Z.; formal analysis, L.M.; investigation, Y.W.; resources, Z.H.; data curation, Y.W.; writing—original
draft preparation, X.K.; writing—review and editing, G.H. and Z.H.; visualization, X.K.; supervision, Z.Z.;
project administration, Z.H.; funding acquisition, X.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This study is financially supported jointly by Natural Science Foundation of Hebei Province
(D2020504003), National Key Research and Development Program of China (2019YFC1805300), and National
Water Pollution Control and Treatment Science and Technology Major Project, (2018ZX07109-004).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ma, H.; Zhou, J.; Hua, L.; Cheng, F.; Zhou, L.; Qiao, X. Chromium recovery from tannery sludge by
bioleaching and its reuse in tanning process. J. Clean. Prod. 2017, 142, 2752–2760. [CrossRef]

2. Zeng, J.; Gou, M.; Tang, Y.; Li, G.; Sun, Z.; Kida, K. Effective bioleaching of chromium in tannery sludge
with an enriched sulfur-oxidizing bacterial community. Bioresour. Technol. 2016, 218, 859–866. [CrossRef]
[PubMed]

3. Zou, D.; Chi, Y.; Dong, J.; Fu, C.; Wang, F.; Ni, M. Supercritical water oxidation of tannery sludge: Stabilization
of chromium and destruction of organics. Chemosphere 2013, 93, 1413–1418. [CrossRef] [PubMed]

4. Pantazopoulou, E.; Zouboulis, A. Chemical toxicity and ecotoxicity evaluation of tannery sludge stabilized
with ladle furnace slag. J. Environ. Manag. 2017, 216, 257–262. [CrossRef]

5. Silva, J.D.C.; Leal, T.T.B.; Araújo, A.S.F.; Araujo, R.M.; Gomes, R.L.F.; Melo, W.J.; Singh, R.P. Effect of
different tannery sludge compost amendment rates on growth, biomass accumulation and yield responses of
Capsicum plants. Waste Manag. 2010, 30, 1976–1980. [CrossRef]

6. Reijonen, I.; Hartikainen, H. Oxidation mechanisms and chemical bioavailability of chromium in agricultural
soil-pH as the master variable. Appl. Geochem. 2016, 74, 84–93. [CrossRef]

7. Martines, A.M.; Nogueira, M.A.; Santos, C.A.; Nakatani, A.S.; Andrade, C.A.; Coscione, A.R.; Cantarella, H.;
Sousa, J.P.; Cardoso, E.J.B.N. Ammonia volatilization in soil treated with tannery sludge. Bioresour. Technol.
2010, 101, 4690–4696. [CrossRef]

8. Nakatani, A.S.; Martines, A.M.; Nogueira, M.A.; Fagotti, D.S.L.; Oliveira, A.G.; Bini, D.; Sousa, J.P.;
Cardoso, E.J.B.N. Changes in the genetic structure of Bacteria and microbial activity in an agricultural soil
amended with tannery sludge. Soil Biol. Biochem. 2011, 43, 106–114. [CrossRef]

9. Xia, M.; Muhammad, F.; Li, S.; Lin, H.; Huang, X.; Jiao, B.; Li, D. Solidification of electroplating sludge with
alkali-activated fly ash to prepare a non-burnt brick and its risk assessment. RSC. Adv. 2020, 10, 4640–4694.
[CrossRef]

10. Cao, X.; Guo, J.; Mao, J.; Lan, Y. Adsorption and mobility of Cr(III)–organic acid complexes in soils.
J. Hazard. Mater. 2011, 192, 1533–1538. [CrossRef]

11. Miretzky, P.; Cirelli, A.F. Cr(VI) and Cr(III) removal from aqueous solution by raw and modified lignocellulosic
materials: A review. J. Hazard. Mater. 2010, 180, 1–19. [CrossRef] [PubMed]

12. Wang, D.; He, S.; Shan, C.; Ye, Y.; Ma, H.; Zhang, X.; Zhang, W.; Pan, B. Chromium speciation in tannery
effluent after alkaline precipitation: Isolation and characterization. J. Hazard. Mater. 2016, 316, 169–177.
[CrossRef] [PubMed]

13. Di, H.J.; Cameron, K.C. Nitrate leaching in temperate agroecosystems: Sources, factors and mitigating
strategies. Nutr. Cycl. Agroecosyst. 2002, 64, 237–256. [CrossRef]

http://dx.doi.org/10.1016/j.jclepro.2016.10.193
http://dx.doi.org/10.1016/j.biortech.2016.07.051
http://www.ncbi.nlm.nih.gov/pubmed/27434303
http://dx.doi.org/10.1016/j.chemosphere.2013.07.009
http://www.ncbi.nlm.nih.gov/pubmed/23916746
http://dx.doi.org/10.1016/j.jenvman.2017.03.077
http://dx.doi.org/10.1016/j.wasman.2010.03.011
http://dx.doi.org/10.1016/j.apgeochem.2016.08.017
http://dx.doi.org/10.1016/j.biortech.2010.01.104
http://dx.doi.org/10.1016/j.soilbio.2010.09.019
http://dx.doi.org/10.1039/C9RA08475D
http://dx.doi.org/10.1016/j.jhazmat.2011.06.076
http://dx.doi.org/10.1016/j.jhazmat.2010.04.060
http://www.ncbi.nlm.nih.gov/pubmed/20451320
http://dx.doi.org/10.1016/j.jhazmat.2016.05.021
http://www.ncbi.nlm.nih.gov/pubmed/27232728
http://dx.doi.org/10.1023/A:1021471531188


Int. J. Environ. Res. Public Health 2020, 17, 6003 11 of 11

14. Kong, X.; Li, C.; Wang, P.; Huang, G.; Li, Z.; Han, Z. Soil Pollution Characteristics and Microbial Responses
in a Vertical Profile with Long-Term Tannery Sludge Contamination in Hebei, China. Int. J. Environ. Res.
Public Health 2019, 16, 563. [CrossRef]

15. Wang, Y.; Zeng, Y.; Chai, X.; Liao, X.; He, Q.; Shi, B. Ammonia nitrogen in tannery wastewater: Distribution,
origin and prevention. J. Am. Leather Chem. Assoc. 2012, 107, 40–50.

16. Islas-Espinoza, M.; Solís-Mejía, L.; Esteller, M.V. Phosphorus release kinetics in a soil amended with biosolids
and vermicompost. Environ. Earth. Sci. 2014, 71, 1441–1451. [CrossRef]

17. Rezaei Rashti, M.; Esfandbod, M.; Adhami, E.; Srivastava, P. Cadmium desorption behaviour in selected
sub-tropical soils: Effects of soil properties. J. Geochem. Explor. 2014, 144, 230–236. [CrossRef]

18. Wang, F.L.; Alva, A.K. Ammonium adsorption and desorption in sandy soils. Soil Sci. Soc. Am. J. 2000,
64, 1669–1674. [CrossRef]

19. Jing, L.; Bi, E.; Jian, C.; Xu, J.; Chen, H. Factors influencing biotransformation of different ammonium forms
sorbed to sandy soil. Fresenius Environ. Bull. 2012, 21, 1165–1172.

20. Fontes, M.P.F.; Gomes, P.C. Simultaneous competitive adsorption of heavy metals by the mineral matrix of
tropical soils. Appl. Geochem. 2003, 18, 795–804. [CrossRef]

21. Scherer, H.W.; Zhang, Y. Studies on the mechanisms of fixation and release of ammonium in paddy soils after
flooding. I. Effect of iron oxides on ammonium fixation. J. Plant Nutr. Soil Sci. 1999, 162, 593–597. [CrossRef]

22. Liu, B.; Peng, T.; Sun, H.; Yue, H. Release behavior of uranium in uranium mill tailings under environmental
conditions. J. Environ. Radioac. 2017, 171, 160–168. [CrossRef] [PubMed]

23. Appels, L.; Degrève, J.; Van der Bruggen, B.; Van Impe, J.; Dewil, R. Influence of low temperature thermal
pre-treatment on sludge solubilisation, heavy metal release and anaerobic digestion. Bioresour. Technol. 2010,
101, 5743–5748. [CrossRef] [PubMed]

24. Veeken, A.H.M.; Hamelers, H.V.M. Removal of heavy metals from sewage sludge by extraction with organic
acids. Water Sci. Technol. 1999, 40, 129–136. [CrossRef]

25. Araujo, A.S.F.; Melo, W.J.; Araujo, F.F.; Brink, P.J.V. Long-term effect of composted tannery sludge on soil
chemical and biological parameters. Environ. Sci. Pollut. Res. 2020, 1–8. [CrossRef]

26. Lovley, D.R.; Phillips, E.J.P. Organic matter mineralization with reduction of ferric iron in anaerobic sediments.
Appl. Environ. Microb. 1986, 51, 683–689. [CrossRef]

27. Almaroai, Y.A.; Usman, A.R.A.; Ahmad, M.; Kim, K.; Vithanage, M.; Sik Ok, Y. Role of chelating agents on
release kinetics of metals and their uptake by maize from chromated copper arsenate-contaminated soil.
Environ. Technol. 2013, 34, 747–755. [CrossRef]

28. Jin, X.; Wang, S.; Bu, Q.; Wu, F. Laboratory Experiments on Phosphorous Release from the Sediments of
9 Lakes in the Middle and Lower Reaches of Yangtze River Region, China. Water Air Soil Pollut. 2006,
176, 233–251. [CrossRef]

29. Najafi-Ghiri, M. Effects of Zeolite and Vermicompost Applications on Potassium Release from Calcareous
Soils. Soil Water Res. 2014, 9, 31–37. [CrossRef]

30. Chen, Y.; He, Y.; Ye, W.; Sui, W.; Xiao, M. Effect of shaking time, ionic strength, temperature and pH value on
desorption of Cr(III) adsorbed onto GMZ bentonite. Trans. Nonferr. Met. Soc. China 2013, 23, 3482–3489.
[CrossRef]

31. Jing, C.; Liu, S.; Korfiatis, G.P.; Meng, X. Leaching behavior of Cr(III) in stabilized/solidified soil. Chemosphere
2006, 64, 379–385. [CrossRef] [PubMed]

32. Eary, L.; Rai, D. Kinetics of Chromium(III) Oxidation to Chromium(VI) by Reaction with Manganese Dioxide.
Environ. Sci. Technol. 1987, 21, 1187–1193. [CrossRef]

33. Chuan, M.C.; Liu, J.C. Release behavior of chromium from tannery sludge. Water Res. 1996, 30, 932–938.
[CrossRef]

34. Zhang, Y.; Bi, E. Effect of dissolved organic matter on ammonium sorption kinetics and equilibrium to
Chinese clinoptilolite. Environ. Technol. 2012, 33, 2395–2403. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijerph16040563
http://dx.doi.org/10.1007/s12665-013-2549-y
http://dx.doi.org/10.1016/j.gexplo.2014.01.023
http://dx.doi.org/10.2136/sssaj2000.6451669x
http://dx.doi.org/10.1016/S0883-2927(02)00188-9
http://dx.doi.org/10.1002/(SICI)1522-2624(199912)162:6&lt;593::AID-JPLN593&gt;3.0.CO;2-L
http://dx.doi.org/10.1016/j.jenvrad.2017.02.016
http://www.ncbi.nlm.nih.gov/pubmed/28254525
http://dx.doi.org/10.1016/j.biortech.2010.02.068
http://www.ncbi.nlm.nih.gov/pubmed/20335023
http://dx.doi.org/10.2166/wst.1999.0029
http://dx.doi.org/10.1007/s11356-020-10173-9
http://dx.doi.org/10.1128/AEM.51.4.683-689.1986
http://dx.doi.org/10.1080/09593330.2012.715757
http://dx.doi.org/10.1007/s11270-006-9165-3
http://dx.doi.org/10.17221/72/2012-SWR
http://dx.doi.org/10.1016/S1003-6326(13)62892-7
http://dx.doi.org/10.1016/j.chemosphere.2005.12.039
http://www.ncbi.nlm.nih.gov/pubmed/16466774
http://dx.doi.org/10.1021/es00165a005
http://dx.doi.org/10.1016/0043-1354(95)00227-8
http://dx.doi.org/10.1080/09593330.2012.670268
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Instruction 
	Materials and Methods 
	Tannery Sludge and Its Characterization 
	Experimental Set-Up 
	Batch Leaching Experiments 
	Column Leaching Experiment 

	Analytical Methods 
	Mathematical Models 

	Results and Discussion 
	Releasing Behavior of Cr(III) and NH4+-N under the Different Experimental Conditions 
	Release Kinetics Simulated by Mathematical Models 
	Dynamic Leaching Behavior of Cr(III) and NH4+-N under Different Leachate pH 

	Release Kinetics under Leaching Conditions 
	Conclusions 
	References

