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Abstract: To improve soil chemical conditions it is necessary to apply soil modification materials such as
biochar. The objective of this study was to evaluate the effect of biochar on the zinc adsorption process in
Ultisol  and Entisol and the influence of pH in this process using the Langmuir and Freundlich equations.
Ultisol and Entisol samples from the State of Paraíba, Brazil were mixed and incubated with increasing doses
of biochar for 100 days. The treatments were for Ultisol: no biochar; 3.15; 5.83 g kg  and for Entisol: no1

biochar; 1.17; 2.51 g kg . After this period, the soil samples were prepared for obtains adsorption isotherms1

of Zn. In turn, were performed using a batch equilibrium technique with different pH solutions. The data were
fit with isotherms and were described mathematically by determining the Gibbs free energy. These isotherms
estimated the adsorption of zinc in both soils. Ultisol was the one with the highest maximum adsorption
capacity. The biochar increased the adsorption of Zn in both soils, however in the samples with pH 4. The
solution pH was the factor that most contributed to the adsorption process. The G  values were negative0

confirming the feasibility and spontaneity of Zn adsorption.
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INTRODUCTION Several organic wastes are converted to biochars, for

Most highly weathered soils in those areas from rearing; this waste is of special interest for the production
Brazil are acidic soils, with low organic matter content, low of biochar in Brazil due to the high production generated
surface charge density consisting, predominantly, of by year, as Corrêa and Miele [4] is around 6.8 million m .
material with pH-dependent charge, low cation exchange As Sanvong and Suppadit [5] the poultry litter biochar
capacity, typically characterized by poor fertility and can be effectively used as a fertilizer and soil conditioner,
consequently limiting the crop growth and reducing crop with extensive surface area suggesting that it may act as
yield. To improve the chemical conditions of soils it is a surface sorbent and thereby playing an important role in
necessary to apply amendment materials in the soil such controlling contaminants like heavy metal, zinc, in the
as limestone, fertilizers, organic matter and/or biochar. environment.

Biochar is a product of thermal decomposition of There are many traditional methods to remove the
biomass produced by the slow thermo-chemical pyrolysis heavy metals from environment; however, adsorption is
of biomass under oxygen-limited conditions. It is porous, a method quite popular due to its simplicity and high
enriched with biochemically recalcitrant organic carbon efficiency.
and has considerable potential to enhance the long-term The   adsorption    phenomenon    of    metal    ions
soil carbon pool, improving its physical and chemical can  be   studied  through  adsorption  isotherms  which
properties [1] reducing leaching of N, neutralizing soil are mathematical equations that describe the relations
acidity, reducing the amount of extractable aluminum and between the mass of the adsorbed substance (Adsorvate)
other benefits [2]. It has been used to decrease the by the   solid   (Adsorvent)   and  the  concentration  of
solubility and toxicity of heavy metals in soils [3]. the    substance    in    the   solution   in    equilibrium   [6].

example, poultry litter, a solid waste resulting from chicken
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Among the several models that describe soil adsorption,
the most commonly cited in the literature are Langmuir
and Freundlich models [7].

According to Nascimento and Fontes [8] the
Langmuir and Freundlich isotherms have been shown to
be suitable for the study of zinc adsorption in Brazilian
soils, but the Freundlich isotherm was the one that best fit
the zinc adsorption data found by Arias et al. [9].

According to Sanchez et al. [10] and Murthy and
Srinivas [11] the adsorption phenomenon depends on
several factors, such as pH, type and concentration of the
adsorbed metal, adsorption time, ionic strength of the
solution,    besides    the   adsorbent   characteristics.
Lacin et al. [12] found the pH has positive effects on zinc
adsorption, ie, according to Arias et al. [9] arising soil pH
increases the capacity for zinc adsorption.

Gibbs free energy is a thermodynamic quantity that
quantifies the work required to make sorption sites
available [13]. When the values of this energy are
negative, the process is classified as spontaneous,
whereas, when the values are positive, the process is
considered as non-spontaneous [14].

Numerous researches have been conducted with
biochar to examine its potential for the removal of heavy
metal ions. Melo et al. [15] found that sugarcane-straw-
derived biochar increased the sorption of Cd and Zn in
two heavy metal contaminated tropical soils. In the same
way Namgay et al. [16] showed that the application of
wood biochar to soil has the potential to reduce the
availability of trace elements to plants and Chen et al. [17]
observed that plant-residue or agricultural waste derived
biochar can act as effective surface sorbent.

The aim of this study was to evaluate the effect of the
biochar in the zinc adsorption process on Ultisol and
Entisol and the influence of the pH on this process using
the Langmuir and Freundlich equations.

MATERIALS AND METHODS

Location of the Experiment: The experiment was carried in
Irrigation and Salinity Laboratory of the Department of
Agricultural Engineering, UFCG, from August until
December, 2016, using the incubation method in pots for
100 days and adsorption experiment.

Soil Characterization: Surface samples (0-0.2m) of Ultisol
and Entisol were collected in the municipalities Campina
Grande and Lagoa Seca, respectively, in State of Paraiba,
Brazil, whose chemical characterization was  performed in

Table 1: Chemical and physical characterization of soil samples used for
the tests

Attributes Ultisol Entisol

Calcium (cmol  kg ) 2.02 0.78c
1

Magnesium (cmol  kg ) 1.46 1.19c
1

Sodium (cmol  kg ) 0.09 0.08c
1

Potassium (cmol  kg ) 0.14 0.14c
1

Sum of bases (cmol  kg ) 3.71 2.19c
1

Hydrogen (cmol  kg ) 6.36 2.72c
1

Aluminum (cmol  kg ) 0.40 0.20c
1

CEC (cmol  kg ) 10.07 5.11c
1

Organic matter (g kg ) 11.90 9.601

Comparable phosphorus (mg kg ) 3.20 11.401

pH H O (1:2.5) 5.12 5.302

V% 36.84 42.85
Sand (g kg ) 730.1 832.01

Silt (g kg ) 141.6 141.01

Clay (g kg ) 128.3 27.01

Index Ki (SiO /Al O ) 2.46 2.172 2 3

CEC cation exchange capacity, V% Percent saturation per base

air-dried  soil  samples passed through a 10 mesh (2mm)
sieve (air-dry fine earth, ADFE) according to the
methodology of Embrapa [18].The soils attributes are
present in Table 1. 

Biochar Characterization: The biochar used in this study
were produced from poultry litter (PL), a solid waste
resulting  from  chicken  rearing,  under  slow  pyrolysis,
by SPPT Technological Research Ltda. The following
attributes were found: pH H O (1:2.5) = 10.1; Ca = 57.75 g2

kg ; Mg = 12.40 g kg ; Na = 14.37 g kg ; K = 48.56 g1 1 1

kg ; P = 32.56 g kg ; N = 42.31g kg ; Fe =137mg kg ;1 1 1 1

Cu = 812 mg kg ; Zn = 700 mg kg ; Mn = 863mg kg .1 1 1

Incubation of Soil: To evaluate the behavior of the
biochar in soil, samples of Ultisol and Entisol were
incubated with increasing doses of biochar for 100 days,
i.e., with the following treatments: 1) Without biochar
(Control) (wb); 2) 3.15 g kg  soil (b1U); 3) 5.83 g kg  soil1 1

(b2U) and 1) Without biochar (Control) (wb); 2) 1.17 g
kg  soil (b1E); 3) 2.51 g  kg   soil  (b2E),  respectively.1 1

For this, samples soils were placed in plastic pots
(Experimental units) and then mixed with biochar
according to the treatments and then wetted with
deionized water to approximately 60% water content (i.e.,
the field water capacity of the soil). All assays were
carried out in duplicate. The incubated pots were placed
in a room at 28°C and weighed every 5 d to maintain
constant moisture content. After 100 days of incubation,
soil samples were air- dried and sieved (2 mm) for to be
used in adsorption experiments.
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Adsorption Experiment: The zinc adsorption experiments gases (8.314 J mol  K ); T is the absolute temperature
were performed using a batch equilibration technique. (K) and K  (L/g)  the   adsorption  equilibrium  constant
Stock solution (1000 ppm) of zinc was prepared by (K  = q / C ) [16].
dissolving analytical ZnCl in 0.01M calcium chloride
solution. Briefly, 2.0 g of material (Soil + biochar doses) Statistical Analysis: The data of the maximum Zn
were  mixed  together  into  50-mL  centrifuge tubes with adsorption capacity as a function of the treatments,
20 mL of calcium chloride electrolytic solution, containing biochar doses and pH values were submitted to normality
different  concentration of  zinc  with  0;  12;  23;  35;  and analysis by the Lilliefors test. As normality of the data
46 mg L . Before equilibration between soil and/or soil + was not verified, it was necessary to transform them to1

biochar  doses  and  zinc  solution  the  lots  received meet  this  requirement.  The  transformations  used  were
either Hcl  0.1  M  or  NaOH 0.1 M  to  obtain  pH  values x and 1/x for Ultisol and Entisol, respectively. Then,
4 ± 0.5, 6 ± 0.5 and 8 ± 0.5. Each batch was shaken for 24 analyzes of variances of the effects of the treatments,
h in a horizontal shaker at 100 oscillations/min. After studied by the use of the F test and the comparison of
shaken, samples were centrifuged at 3000 r.p.m. for 15 min means by the Tukey test, were performed at a 5%
followed by filtration through Whatman N.1 filter. The probability level.
supernatant solution was analyzed for zinc by atomic
absorption spectrophotometry. Adsorbed Zn was RESULTS AND DISCUSSIONS
calculated as the difference between the amount added
initially and the amount remaining in solution after Adsorption Isotherms: The zinc adsorption isotherms
equilibration. were studied at different pH ranging from 4 to 8 and at

Adsorption Isotherms: Adsorption isotherms indicate 3.15 and 5.83 g kg  soil to Ultisol and control, 1.17 and
how the molecules distribute between the liquid phase 2.51 g kg  soil to Entisol. The Langmuir and Freundlich
and the solid phase when the adsorption process reaches isotherms in both soils are presented in Figure 1 and 2,
an equilibrium state. The analysis of the isotherm data by respectively.
fitting them to different isotherm models is an important The different ratios between the Zn contents in the
step to find the suitable model that can be used for design equilibrium  solution and the adsorbed on the soils
purpose. The isotherm data were fitted to two isotherm confirm that they differ in their affinity for the element
models: Langmuir and Freundlich. (Figures 1 and 2). In the analyzed soils, the immobilization

Langmuir Equation Was Adjusted for Describing Zinc equilibrium solution, with the highest adsorption rates
Adsorption: q  = Q bC / 1 + bC , where q  is the amount observed with increasing solution pH and initial elemente max e e e

of the zinc adsorbed per unit weight of soil (mg g ), C  is concentrations.1
e

the equilibrium concentration of solution (mg L ), Q  is At   pH   8   isotherms  in   both   soils   were   of  the1
max

the maximum adsorption capacity (mg g ) and “b” is the H type  (H  =  High)  due  of  the  strong specific1

constant related to the affinity (L mg ). Freundlich interaction   between   soil   particles   and   zinc   and  for1

equation  was  adjusted  for  describing  zinc  adsorption: the  other  pH  values,  the  curves  were  of  the   L  type
q  = K .C , where K  is the Freundlich adsorption (L = Langmuir) characterized by a slope decline as,e F e F

1/n

coefficient (L mg ) and n is indicator of intensity according to Casagrande et al. [19] sites available for1

(Dimensionless). Q  and b can be determined from the adsorption are reduced when the adsorbing surface ismax

linear plot of C /q  versus C . The values of K and n were increasingly covered. Tsai and Chen [20] also report thate e e F

evaluated from the intercept and the slope, respectively, adsorbents have a limited number of active sites and with
of the linear plot of lnq  versus lnC , based on the a certain concentration of ions in solution, these sitese e

experimental data. become saturated.
The spontaneity of adsorption reactions was also The adsorption constants, equations and correlation

described mathematically by determining the Gibbs free coefficients for Zn onto different pH values and biochar
energy G  = -RTlnK , in which: ?G is the variation in the doses in both soils obtained from Langmuir ando

e

free energy (J mol ); R is the universal constant of the Freundlich isotherms are given in Table 2. 1

1 1

e

e e e

different  doses  of  biochar,  control  (Without  biochar),
1

1

varied as a function of the concentration of zinc in the
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Fig. 1: Adsorption Langmuir isotherms of zinc in an Ultisol (A) and in Entisol (B) for different pHs and biochar doses

Fig. 2: Adsorption Freundlich isotherms of zinc in an Ultisol (A) and in Entisol (B) for different pHs and biochar doses
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Table 2: Thermodynamic parameter, constants, equations and correlation coefficients of Langmuir and Freundlich models for the adsorption of Zn in an Ultisol
and in Entisol for different pHs and biochar doses

Langmuir Freundlich
-------------------------------------------------------------------------------- -----------------------------------------------------------

Trat. G  kJ mol b L mg Q  mg g Equation R K n Equation R0 1 1 1 2 2
max F

Ultisol
wb  pH4.0 -12.44 2.771 0.081 (0.224C)/(1+2.77C) 0.999 0.065 17.182 0.065C 0.999* 1/17.182

b1U  pH4.0 -10.32 1.174 0.132 (0.155C)/(1+1.17C) 0.999 0.069 5.552 0.069C 0.998** 1/5.552

b2U  pH4.0 -7.87 0.434 0.128 (0.055C)/(1+0.43) 0.993 0.028 2.358 0.028C 0.992** 1/2.358

wb  pH6.0 -7.59 0.389 0.224 (0.087C)/(1+0.39C) 0.997 0.043 2.037 0.043C 0.996* 1/2.037

b1U  pH6.0 -8.02 0.462 0.221 (0.102C)/(1+0.46C) 0.997 0.055 2.415 0.055C 0.995 ** 1/2.415

b2U  pH6.0 -7.85 0.433 0.243 (0.105C)/(1+0.43C) 0.997 0.055 2.235 0.055C 0.997 ** 1/2.235

wb  pH8.0 -9.10 0.715 0.398 (0.285C)/(1+0.72C) 0.965 0.049 1.128 0.049C 0.966* 1/1.128

b1U  pH8.0 -8.91 0.662 0.398 (0.263C)/(1+0.66C) 0.972 0.065 1.366 0.065C 0.973** 1/1.366

b2U  pH8.0 -9.17 0.737 0.392 (0.289C)/(1+0.74C) 0.957 0.048 1.117 0.048C 0.958** 1/1.117

Entisol
wb  pH4.0 -5.18 0.219 0.030 (0.007)/(1+0.22C) 0.953 0.0008 1.051 0.0008C 0.999* 1/1.051

b1E pH4.0 -5.39 0.159 0.041 (0.007C)/(1+0.16C) 0.885 0.0017 1.176 0.0017C 0.948** 1/1.176

b2E pH4.0 -5.71 0.182 0.046 (0.008C)/(1+0.12C) 0.987 0.0020 1.167 0.0020C 0.995** 1/1.167

wb  pH6.0 -4.63 0.117 0.066 (0.008C)/(1+0.12C) 0.954 0.0007 0.813 0.0007C 0.978* 1/0.813

b1E pH6.0 -5.37 0.158 0.074 (0.012C)/(1+0.16C) 0.881 0.0016 0.931 0.0016C 0.913** 1/0.931

b2E pH6.0 -5.51 0.168 0.078 (0.013C)/(1+0.17C) 0.910 0.0022 1.000 0.0022C 0.932** 1/1.0

wb  pH8.0 -8.56 0.576 0.292 (0.285C)/(1+0.58C) 0.885 0.0003 0.374 0.0003C 0.939* 1/0.374

b1E pH8.0 -7.22 0.335 0.303 (0.263C)/(1+0.34C) 0.953 0.0026 0.592 0.0026C 0.989** 1/0.592

b2E pH8.0 -7.36 0.354 0.279 (0.099C)/(1+0.35C) 0.917 0.0023 0.594 0.0023C 0.949** 1/0.594

*wb= without biochar; ** g kg 1

G  Gibbs free energy, b constant related to the affinity, Q  maximum adsorption capacity, K Freundlich adsorption coefficient, n indicator of intensity,o
max F

R  correlation coefficients2

Despite the differences in the physical and chemical increases in the negative variable charges in the soils, as
properties of soils, correlation coefficients (R ) both well as the speciation of the ion in aqueous solution.2

Langmuir and Freundlich models fitted well to the According to Casagrande et al. [19] and Machado and
adsorption data and could be used to describe adsorption Pavan [24] the Zn in the hydrolyzed form with lower
of Zn in Ultisol and Entisol amended or not with biochar valence (ZnOH ), when compared to the Zn ion, has
in the different pH values corroborating Melo et al. [15], higher affinity for the exchange sites, because its
Casagrande et al. [19] and Khoshraftar and Shamel [21]. concentration increases tenfold with each increase in the

In general, regardless of the treatments used, the pH unit.
highest Zn adsorption capacity was observed in Ultisol, Analyzing the isolated pH effect, there was an
which may be associated to the superiority of clay increase in the amount of Zn adsorbed at 101.76% and
content, CEC and organic carbon (Table 1). The main 248.39% for Ultisol and 86.32% and 647.01% for Entisol
physical property that influences the reactivity of an with increasing the pH of the solution from 4 to 6 and 8,
element in the soil is the clay fraction that, because it has respectively (Table 2). Some authors, such as Chen et al.
a high surface area, allows a greater contact with the ions [17] and Rafatullah et al. [25] reported that the pH range
in solution and, consequently, promotes greater of 5.0-6.0 is considered suitable for the adsorption of Cu
adsorption. Dutta et al. [22] and Wu et al. [23] also (II), Pb (II) and Zn (II) by various adsorbents.
reported in their studies that cation exchange capacity In acid pH, most functional groups are protonated, in
and organic matter play an important role in lead addition, ions such as H O will be available to compete
adsorption. with Zn (II) in the adsorption process at adsorbent

Regardless of soils and biochar addition doses, the binding sites [26]. This will reduce the number of sites
maximum adsorption capacity estimated by the Langmuir available for the adsorption of metal binding ions. The
equation increased as pH values increases since it increase in the adsorption capacity at higher pH values
influences the properties of the adsorbents, for example, can be attributed to a decrease in the effect of the H O

+ 2+

3
+

3
+
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ion and the increase in the pH dependent negative Therefore  nature  of  interaction  is  dependent  on  the
charges with the dissociation of the OH ion from the soil  properties, on value of soil pH and on the biochar-

functional groups, especially in more weathered soils, as characteristics  according  to  Rees  et  al.  [29].  Due to
Ultisol (Table 1). this,  in  general,  the response of the application of

However, in relation to the doses of biochar used, it biochar in Entisol, sandy soil, with lower values of cation
was observed that the maximum adsorption capacity exchange capacity and organic matter, in relation to Zn
following biochar addition in the Ultisol with pH 4.0 was adsorption, was more effective than in Ultisol because of
1.6 greater compared to the control soil without biochar. the biochar had increased the adsorption surface in
In the samples soil with pH 6 and 8, the biochar addition Entisol.
did not influence the maximum adsorption capacity of Zn. According to Geethakarthi and Phanikumar [30] the
In Entisol, at pH 4 and 6, the maximum adsorption capacity constant "n" of the Freundlich model is qualitatively
in the biochar samples increased by 1.5 and 1.2 times in related to the distribution of energetic sites in the soil
relation to the samples without biochar, respectively. colloids. Independent of the soil analyzed, values of "n"
However, in the samples soil with pH 8, the biochar greater than one, indicate the presence of highly energetic
addition did not influence (Table 2). Thus, it seems that sites suggesting that they are the first ones to be
the maximum adsorption capacity of zinc in these soils occupied by Zn. According to Moradi et al. [31], “n”
was more influenced by the pH variation of the soil values between 1 and 10 represent good adsorption
samples than by the variation of the biochar doses. potential of the adsorbent, ie, indicate the type of

The parameter b is related to the affinity of the isotherm to be either favorable n>1 or unfavorable n<1.
binding sites, which allows comparisons of the affinity of
soil with/without biochar towards the zinc íon. Regardless Gibbs Free Energy: The thermodynamic parameter Gibbs
of soils and biochar addition doses, the binding energy free energy ( G ), showed in Table 2, is a measure of the
was higher in the samples with higher pH. extension or force that guides the adsorption reaction

The binding energy in the Ultisol and Entisol samples [32]. Regardless of soil or biochar doses and pH G
with pH 4 and Entisol samples with pH 8 without biochar values were negative confirming the feasibility and
was higher than in the samples with biochar corroborating spontaneity of Zn adsorption according to Khoshraftar
Melo et al. [14] by analyzing Cd adsorption in biochar. and Shamel [21]. This contrasts somewhat with the work
According to Tan et al. [27] the biochar in these samples of Chen et al. [16] showed that Gibbs free energy during
with pH 4 increased the weak/unstable binding force of zinc and copper adsorption by HW450 biochar were
Zn by soil. In samples with pH 6, the binding energy positive for all samples analyzed. 
increased according to the application of biochar With exception of the samples at pH 4, in the other
corroborating Melo et al. [15] evaluating the adsorption samples, regardless of soil, with the pH increase from 6 to
of Zn in biochar. And finally in Ultisol samples with pH 8, 8 G  values increased indicating that the phenomenon
practically the energy did not change as a function of became more thermodynamically spontaneous with this
biochar application. increase. However, in Ultisol with pH 4, the G  became

In general, the largest variations of b were observed more negative implicating an increase in the driving force
in Entisol comparing the means obtained with the for the adsorption reaction to take place. In Entisol
application of the different biochar doses within the same samples with pH 4, the G  became more negative than
pH value. However, Ultisol for presenting the highest samples with pH 6 and less negative than samples with
levels of clay, CEC and organic carbon promoted the pH 8. 
highest binding energies. Linhares et al. [28] evaluating The increasing biochar doses in samples Ultisol with
the adsorption of cadmium and lead in different Brazilian pH 6 and 8 and in samples Entisol with pH 4 and 6
soil classes, also verified the highest Q of Pb and samples, increased Gibbs free energy values indicatingmax

binding energy (b) in those that presented the highest that the biochar application in the soil was favorable
values of the physicochemical characteristics already reaction.
mentioned.

In  the present  study,  biochar produced from Adsorption Zinc: According to the analysis of variance,
poultry litter, has been  shown,  in  some  soils  samples, the biochar doses, the soil pH variation and the
the  increase  in  the adsorption of Zn in soils, however interaction between these factors, had a significant
and in  others  soils  samples  this  did  not  occur. influence on the adsorption of zinc in the soils (Table 3).

0

0

0

0

0
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Table 3: Summary of the analyses of variance for the adsorption of zinc on Ultisol and Entisol as biochar doses and pH values.

Mean Square 

-----------------------------------------------------------------------------

Source of Variation DF Ultisol Entisol

Biochar (B) 2 0.00152 * 35.38**

pH 2 0.12997** 788.30**

B x pH 4 0.00133* 21.56*

Treatments 8 0.03354** 216.70**

Error 9 0.00035 3.86

VC % 3.87 13.51

DF= Degre of Fredom,VC = Variation Coefficient,**(p <0.01), * (0.01 = p <.05). Data transformed into  for Ultisol and 1/x for Entisol. Normality test

applied: Lilliefors

Fig. 3: Zinc  adsorbed  on  the  Ultisol  (A)  and  Entisol
(B)  depending  on  the  different  doses of
biochar   and   pH   values.   Lowercase   letters
equal  to  the  doses  of  biochar  do  not  differ
from each other within the same pH value and
upper case letters equal the pH values do not
differ from each other within the same dose of
biochar.

The adsorption of zinc in Ultisol and Entisol as a
function of the biochar doses and pH values are
presented in Figure 3. Biochar levels only differed
significantly in the Ultisol and Entisol samples at pH 4.In
relation to pH variation, there was a significant difference
in zinc adsorption in both soils, increasing as the pH
increased.

Biochar levels only differed significantly in the Ultisol
and Entisol samples at pH 4.In relation to pH variation,
there was a significant difference in zinc adsorption in
both soils, increasing as the pH increased.

CONCLUSIONS

This study investigated the ability of biochar
produced from poultry litter to adsorb Zn in Ultisol and
Entisol. Langmuir and Freundlich adsorption isotherms
may be used to estimate the adsorption of zinc in both
soils. Regardless of the treatment used Ultisol was the
one with the highest maximum adsorption capacity. The
biochar increased the adsorption of Zn in both soils,
however in the samples with pH 4.

The solution pH was the factor that most contributed
to the adsorption process. In all soil samples the G0

values were negative confirming the feasibility and
spontaneity of Zn adsorption.
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