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Abstract

Purpose The conversion of broiler waste to activated

carbon results in a significant ash fraction that contains

several species thought to be responsible for the adsorption

capabilities of these carbons. The objectives of this study

were to determine (1) the effects of acid washing, a typical

regeneration method on the ability of these carbons to

adsorb metal cations, (2) the extent to which select cations

and anions are released from poultry waste carbons under

conditions of varying acid strength, and (3) which of the

elements in the ash fraction may contribute to ion binding.

Methods Litter and cake activated carbons were placed in

solutions of hydrochloric acid at concentrations ranging

from 0.05 to 2.0 M for 30 min to 4 h. The resulting solu-

tions were analyzed for the release of the seven select

cations and anions. The carbons were then evaluated for

their ability to adsorb copper to determine the impact of

acid washing on copper adsorption.

Results Calcium, phosphorus and magnesium were

released in the greatest concentrations (1.7–2.1, 1.6–2.5,

and 0.7–0.8 mmol/g respectively). Of these seven species,

phosphorus and sulfur were of particular interest due to

their potential for binding copper ions.

Conclusions The copper adsorption was significantly

impacted by the acid washing process with a reduction in

adsorption for the litter carbon from 41.96 to 0.32 mg/g

and the cake carbon from 85.31 to 23.03 mg/g with an

increase in acid concentration from 0.05 to 2.0 M HCl.

Keywords Broiler litter � Broiler cake � Activated carbon �
Cations � Anions

Introduction

Currently, commercially available activated carbons are

sourced from either coal or coconut shells, both of which

are highly dependent upon market fluctuations. Also,

activated carbons are typically employed for the removal of

organic molecules, for example taste and odor compounds

in drinking water. However, commercially available car-

bons are not known for their ability to adsorb metal cations

unlike those from animal sources [1, 2]. The development

of activated carbons from waste sources is not a new field,

yet it is slowly emerging as one of interest to those looking

for a more economical source material with effective

treatment capabilities [1, 3–8]. The use of agricultural by-

products such as pecan shells, rice hulls and sugar cane

bagasse as alternative sources for carbon has been inves-

tigated. These carbons were assessed for the capabilities

with regard to metals and organics uptake and were found

to be comparable or better than commercial grade carbons

from coal or coconut shells [9–12].

Significant differences between carbons from plant and

animal waste lie in the surface areas of the carbons and

their mechanisms of adsorption. The plant-based carbons

tend to have high surface areas (500–1,500 m2/g) [13, 14]

with functional groups such as carboxyl, hydroxyl,
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carbonyl, anhydride, ether-type, lactone, and lactal [10].

Steam activated carbons from animal-based sources such

as broiler litter and cake have lower surface areas of about

350–500 m2/g [1] and little is known about their mecha-

nism of adsorption. Previous studies by Lima and Marshall

[1, 15] demonstrate copper is a good indicator for posi-

tively charged metals due to its ubiquitous nature, being

present in pipes and wastewater streams in general. Other

metals have previously been tested including cadmium and

zinc and provided similar results [15]. Isotherms using

swine manure-based carbons under similar acid wash

conditions (0.1 M HCl) have been conducted with copper

concentrations of 1–25 mM (7 points) and published by

Lima and Marshall [12]. Qui and Guo [16] found poultry

litter-based activated carbon contained high contents of

ash, nitrogen, phosphorus, Cu, Zn, and As similar to the

results found by Fitzmorris et al. [17].

This study was designed to better describe the mech-

anisms and behavior of the animal waste carbons. Due to

the presence of low surface areas, it is hypothesized that

the animal waste carbons rely on chemical adsorption,

not physical. The surface area impacts adsorption of

these positively charged metals only as it applies to

access to the functional groups of interest, namely the

phosphate groups. This highlights the importance of the

surface chemistry of the carbons, particularly the char-

acteristics of the ash fraction. The potential impact of

regeneration of these carbons particularly as related to

the removal of some of the inorganic material is inves-

tigated as related to the adsorptive capabilities of the

carbons. The objectives of this study are threefold: (1) to

determine the effects of acid washing, a typical regen-

eration method on the ability of these carbons to adsorb

metal cations, (2) to quantify the release of select cations

and anions from the ash fraction of broiler manure-based

carbons as a function of the HCl concentration of the

acid wash and (3) to determine which anion in the ash

fraction is the best candidate responsible for copper ion

(metal ion) binding.

Materials and Methods

Materials

The broiler litter and cake were obtained from the United

States Department of Agriculture, Agriculture Research

Service (USDA-ARS), Genetics and Precision Agriculture

Research Unit (Mississippi State, MS, USA). The differ-

entiation between broiler litter and broiler cake is made

based on the presence of wood shavings in litter (5–30 %)

and in cake (\5 %). Wood shavings are utilized as bedding

material.

Drying and Pelletization

Broiler litter and broiler cake were dried to a moisture con-

tent of\10 % and milled in a Retsch cross-beater mill (Glen

Mills, Clifton, NJ, USA) to a particle size of less than US 20

mesh (\1 mm). The manure was then either rehydrated or

dried to obtain a moisture level of 15–25 %, determined to

be ideal for efficient pelletization of this type material.

Moisture content was monitored by using a Sartorius

Moisture Analyzer model MA 51 (Sartorius, Brentwood, NJ,

USA). The samples were pelletized in a PMCL5 Lab pellet

mill (California Pellet Mill, Merrimack, NH, USA) equipped

with a 5 mm die plate. The pellets produced were cylindrical

with an approximate diameter of 5 mm and length of 5 mm.

Pyrolysis and Activation

Individual samples of the pelletized manure were placed in a

ceramic evaporating dish and then placed in a bench furnace

equipped with a retort (Lindberg/Blue M, Watertown, WI,

USA). Pellets were pyrolyzed at 700 �C for 1 h under a flow of

nitrogen gas set at a flow rate of 1.6 L/min. Steam activation

was conducted by injecting water at a flow rate of 3 mL/min

using a peristaltic pump into the flow of nitrogen gas entering

the heated retort. Pyrolyzed chars were activated at 800 �C for

45 min. The optimum activation conditions were determined

from previous studies using copper adsorption rates and BET

surface area analysis [1]. Activated carbons were allowed to

cool to room temperature overnight in the retort.

Percent ash was determined by heating 2 g samples of

the carbons to 650 �C for 6 h under a flow of breathing air

in a retort-equipped bench furnace. Sample weights were

recorded and the heating process repeated again to ensure

constant sample weights were obtained. Multipoint BET

(Brunauer Emmett Teller) surface area measurements were

obtained with nitrogen adsorption isotherms at 77� K using

a Nova 2000 surface area analyzer (Quantachrome,

Boynton Beach, FL, USA).

Prior to analysis, the carbon was milled and sieved to a

particle size[2.8 mm (U.S. 7 mesh) to ensure a consistent

product. Triplicate samples of the raw broiler litter and

cake along with the corresponding carbons were digested

with concentrated HCl to determine the elemental com-

position of calcium, copper, iron, magnesium, phosphorus,

sulfur, and zinc (EPA Method 3051). The digested samples

were analyzed by inductively coupled plasma (ICP) spec-

trometry using a dual view, Leeman Labs Profile ICP-AES

(Leeman Labs, Hudson, NH, USA).

Release Study

In this study, the broiler litter and cake carbons were placed

in varying acid concentrations ranging from 0.05 to 2.0 M
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HCl. For the experiments, 2.5 g of each carbon was added

to 250 mL of each acid solution. The samples were stirred

at 300 rpm with overhead Lab Egg stirrers (IKA) for 4 h

with aliquots taken at 30 min, 1, 2, and 4 h. The pH was

checked at each sample time interval. The samples were

then drawn through a 0.22 lm pore size Millipore filter

(Millipore Corp., Bedford, MA, USA) and analyzed with

ICP for the following seven elements: phosphorus, sulfur,

copper, zinc, calcium, magnesium, and iron. The analysis

was conducted in triplicate. Following the 4 h samples, the

carbon was filtered with a U.S. 7 mesh sieve and rinsed

with deionized water for 30 s. The carbon was then dried in

a vacuum oven at 80 �C for 2 h. After drying, attrition was

assessed by placing 3 g of carbon (18 9 40 mesh) in a

250 mL Erlenmeyer flask, which was then continuously

agitated at 200 rpm in the presence of ten 5 g glass marbles

for 15 min at 25 �C. Percent attrition was measured as the

ratio between the material lost by a US 40 mesh screen to

the initial weight.

Adsorption Study

The carbon recovered from the release study above was

placed in 20 mM CuCl2 2H2O (F.W. 170.5 g) buffered

with 0.07 M sodium acetate and 0.03 M acetic acid for a

pH of 4.8. The ratio of carbon to copper solution was 1:100

(0.25 g carbon: 25 mL copper solution). These samples

were stirred for 24 h with overhead Lab Egg stirrers (IKA,

Wilmington, NC, USA). Aliquots were drawn off in a

disposable syringe and filtered through a 0.22 lm pore size

Millipore filter. The samples were diluted 1:100 by volume

with 2 % ultrapure nitric acid and analyzed by ICP. These

samples were also conducted in triplicate.

Surface Properties

The elemental composition of litter samples was measured

by energy dispersive X-ray microanalysis (EDAX, Ame-

tek, Inc.) using an X-ray detector attached to the Envi-

ronmental Scanning Electron Microscope, SEM (Philips,

XL 30). The working distance was set to *10 mm with a

magnification of 2,500–50,000 X. The acceleration voltage

of the electron beam was 17 kV. Samples were coated with

gold/palladium (for SEM) and carbon (for EDAX) for

analysis purposes.

Results

Carbon Properties

Carbons produced from broiler litter and broiler cake by

steam activation are characterized by high ash content and

low BET surface area (Table 1). Percent yield was higher

with litter as starting material (Table 1). This observation

is most likely due to the higher percentage of wood chips in

the litter versus the cake. BET surface areas of the broiler

litter and cake carbons (283 and 149 m2/g, respectively)

are significantly lower than that of plant or coal-based

carbons, which normally have surface areas of 500–

1,500 m2/g [13, 14]. The ash content is considerably higher

in the manure-based carbons than plant-based carbons,

which is usually\10 % [18]. The high level of ash in both

samples (81 % for the litter and 79 % for the cake) indi-

cates a significant amount of inorganic material in the

broiler litter and cake carbons. The major contributors to

the ash fraction are calcium, phosphorus and magnesium as

indicated in Table 1. Although not reported herein, ash also

contains large amounts of potassium.

All of the elements determined except carbon (C) and

nitrogen (N) increased in concentration as the manure

starting material was converted to activated carbon. At

high temperatures and in the presence of limited oxygen,

elemental carbon probably was volatilized during pyrolysis

Table 1 Properties and elemental content of carbons used in this

study

Cake Litter

% Yield (%) 20.0 25.9

% Ash (%) 78.9 81.7

BET surface area (m2/g) 149 283

Element mg/g mg/g

Calcium

Raw 23.3 22.5

Activated carbon 62.8 82.5

Copper

Raw 0.47 0.05

Activated carbon 2.20 0.23

Iron

Raw 1.98 1.38

Activated carbon 7.42 6.85

Magnesium

Raw 6.39 7.05

Activated carbon 15.3 23.4

Phosphorus

Raw 13.9 14.9

Activated carbon 34.8 51.2

Sulfur

Raw 7.73 8.32

Activated carbon 13.7 15.3

Zinc

Raw 0.49 0.53

Activated carbon 0.81 2.02
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and emitted principally as methane, carbon monoxide and

carbon dioxide. Nitrogen was likely released as oxides of

nitrogen (NOx) at the high pyrolysis temperatures. Sulfur

could have been released as hydrogen sulfide and/or sulfur

dioxide. The observation that this element stayed relatively

stable during pyrolysis indicates that it may exist as the

sulfate anion in the raw manure. Since the other elements

were non-volatile, they accumulated in the carbon as the

amount of carbon and nitrogen was reduced during

pyrolysis.

Mineral phases and how they are distributed can be

depicted with EDAX elemental maps. SEM–EDAX can

provide a comprehensive picture of the organic and inor-

ganic chemistry on a carbon sample [19] The surface

analysis using the EDAX system in conjunction with the

SEM provides the change in surface properties of the

carbons prior to adsorption compared to after adsorption

(Fig. 1). The EDAX method can provide qualitative data

related to the proportionality of the elements. Comparison

between before and after adsorption of copper by the car-

bon shows not only the expected increase in percentage of

copper, but also an increase in calcium, oxygen and

phosphorus. Declines were noted in carbon, chlorine and

potassium. A previous study [20] using X-ray/scanning

electron microscope for delineating the surface properties

of char from waste sources found most particles are present

as complex substances of carbon and inorganic constituents

combined. These results are consistent with the results

found in our study.

Release Study

Varying concentrations of HCl were used to affect the

release of the cations calcium, magnesium, iron, copper

and zinc and the anions phosphorus and sulfur from the

manure-based carbons. Ion release from the carbons was

monitored at different time intervals for each acid con-

centration. Maximum release was obtained between 2 and

4 h (data not shown). Thus, a 4 h exposure of the carbons

to the acid was used in subsequent studies (Table 2).

Results from the ion release studies for both broiler litter

carbon (Fig. 2) and broiler cake carbon (Fig. 3) show that

the dominant trend was the higher the acid concentration,

the greater the release of the cations and anions. Those ions

exhibiting significant release from the acid-washed carbons

were calcium, magnesium, phosphorus and sulfur, since

they were in the highest concentrations in the ash fraction.

The calcium and magnesium levels found at the highest

HCl concentration (2M) from the broiler litter carbon

reached a maximum of 1.7 and 0.8 mmol/g, respectively.

Calcium and magnesium levels extracted from the broiler

cake carbon contained 2.1 mmol/g of calcium and

0.7 mmol/g of magnesium. The levels of phosphorus and

sulfur were noted at 1.6 and 0.1 mmol/g, respectively, in

the broiler litter and 2.5 and 0.1 mmol/g, respectively, in

the broiler cake at the highest HCl concentration of 2M.

The release of these cations and anions were a function of

the extractant concentration. Ion extraction occurred at the

lowest HCl concentration used (0.05 M) and appeared to

Fig. 1 EDAX analysis of

carbon samples before and after

copper adsorption
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reach a maximum at 1.0 M HCl. Also, there are instances

in Table 2 where the percentage reported indicates a

[100 % recovery of magnesium in the broiler litter carbon

and calcium and phosphorus in the broiler cake activated

carbon. These anomalies can be explained by the standard

deviation (not reported—not determined to be statistically

significant after analysis) of the samples and represent a

complete recovery or release of the element in the noted

acid solutions.

The likelihood of both phosphorus and sulfur occurring

in the anionic form as PO4
3- and SO4

2- is high based on

the chemical properties and pC-pH relationship of phos-

phate and sulfate [22] (Table 1). Phosphorus, especially, is

present in high concentration in the ash fraction of both

activated carbons and if it exists as the phosphate, it can

facilitate the adsorption of cationic metals, such as copper

and zinc [21, 22]. Sulfur as the sulfate anion is about 10

times lower in concentration than phosphorus and probably

plays a much less significant role in metal ion adsorption

[22]. Also, total surface charge was measured in these

carbons [1], and it was found that they have an overall

negative surface charge, which is likely attributed to their

phosphate and sulfate (due to the significant presence of

these two elements in the raw litter and carbon). Total

surface charge was measured at 0.32 mmol H? eq/g car-

bon for pH5 for broiler litter carbons activated under the

same conditions as those in this study (1 h pyrolysis ?

45 min activation at 800 �C with 3 mL/min FR).

Adsorption

After acid washing at each HCl concentration from 0.05 to

2.0 M, the activated carbons were examined for their ability

to adsorb copper ion from a 20 mM solution of copper

chloride (Table 2 and Fig. 4). For both broiler litter and

broiler cake carbons, copper ion adsorption decreased with

an increase in acid concentration used for washing. In a

previous study, typical copper adsorption achieved by the

carbons from broiler litter was 1.2 mmol/g and broiler cake

was 1.9 mmol/g [1]. This study was conducted by washing

carbons with 0.1 M HCl for 1 h after activation to partially

remove ash material from the carbon. In contrast, the present

study reported copper ion adsorption of 0.5 mmol/g for

broiler litter-based carbon and 1.3 mmol/g for broiler cake-

based carbon, using 0.1 M acid but a 4 h extraction period.

Following acid washing for 4 h with our method, the copper

adsorption ranged from 0.7 mmol/g of activated carbon

using 0.05 M HCl to 0.01 mmol/g of activated carbon using

2.0 M HCl for the broiler litter activated carbon and

1.3 mmol/g using 0.05 M HCl to 0.20 mmol/g using 2.0 M

HCl for the broiler cake activated carbon. The broiler cake

activated carbon had greater ability to remove copper ion at

Table 2 Total elemental release from broiler litter and cake carbons due to varying HCl concentrations and corresponding copper adsorption

(time—4 h)

Element released mg/g (%a) HCl concentration

0.05 M 0.1 M 0.5 M 1.0 M 2.0 M

Broiler litter

Calcium 30.6 (42 %) 47.8 (66 %) 63.9 (88 %) 67.4 (93 %) 66.5 (91 %)

Copper 0.39 (29 %) 0.79 (59 %) 1.17 (88 %) 1.24 (94 %) 1.17 (88 %)

Iron 0.48 (11 %) 1.22 (29 %) 2.21 (52 %) 3.27 (77 %) 3.37 (79 %)

Magnesium 9.48 (55 %) 14.5 (85 %) 15.8 (93 %) 18.6 (108 %) 18.3 (107 %)

Phosphorus 22.4 (39 %) 36.1 (63 %) 45.4 (79 %) 48.9 (85 %) 49.3 (86 %)

Sulfur 2.89 (38 %) 3.74 (49 %) 2.84 (37 %) 3.77 (49 %) 3.71 (48 %)

Zinc 0.00 (1.0 %) 0.13 (84 %) 0.12 (76 %) 0.10 (65 %) 0.10 (61 %)

Copper adsorption 41.96 30.36 10.06 4.32 0.32

Broiler cake

Calcium 41.2 (49 %) 55.2 (66 %) 76.6 (92 %) 85.8 (103 %) 83.8 (101 %)

Copper 0.06 (2.7 %) 0.46 (21 %) 0.94 (43 %) 1.01 (47 %) 1.03 (48 %)

Iron 0.00 (0 %) 1.08 (32 %) 2.65 (77 %) 3.13 (91 %) 3.35 (98 %)

Magnesium 11.8 (42 %) 18.8 (68 %) 18.7 (67 %) 21.7 (78 %) 15.9 (58 %)

Phosphorus 36.1 (50 %) 54.3 (76 %) 68.1 (95 %) 75.7 (105 %) 76.5 (106 %)

Sulfur 2.91 (56 %) 3.35 (64 %) 3.49 (67 %) 3.32 (64 %) 3.50 (67 %)

Zinc 0.26 (17 %) 0.71 (46 %) 0.97 (62 %) 1.18 (76 %) 1.05 (68 %)

Copper Adsorption 85.31 79.75 31.86 29.24 23.03

a The percent given is based upon the mg element/g carbon released versus the mg element/g carbon in the carbon
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all acid concentrations compared to broiler litter activated

carbon. Therefore, a component of the ash fraction that is

involved with copper ion binding is being removed to a

certain extent by the acid wash. This component is depen-

dent upon the concentration of acid used for the wash.

Since the presence of phosphorus in the ash fraction

appears to be in a stable, anionic form, the release of

phosphorus from the ash fraction was monitored and

compared to copper ion adsorption in the litter-based and

cake-based activated carbons. Figure 5 shows copper ion

adsorbed compared to phosphorus released by washing the

carbons at various HCl concentrations for the 4 h period. In

both broiler litter and broiler cake activated carbons, the

curves are almost mirror images of one another. An increase

in phosphorus release resulted in a concomitant decrease in

copper ion adsorption with a correlation factor of 0.93. Also

of note is the correlation of copper adsorption to the release

of calcium (0.96), copper (0.95) and iron (0.97).

The kinetics study on elements released during acid wash

showed that the majority of the reactions taking place are

zero order and therefore independent of concentration, and

controlled mainly by the surface area available. The k-rate

constants were calculated for each of the metals adsorbed by

each activated carbon by the formula below [23].

C ¼ Co þ kt

where C = Final concentration, Co = Initial concentra-

tion, k = Kinetic rate constant, t = Time.

Of the elements examined, kinetic rates were highest for

calcium and phosphorus at the 2.0 M acid concentration in

both activated carbons examined. It is important to note

that the kinetic rates were significantly lower for the litter

carbons versus the cake carbons (Figs. 6 and 7).

Discussion

The results presented in this study give strong support that

the presence of phosphorus in the ash fraction of broiler

manure-based carbons is involved in copper ion adsorption.

Of the elements evaluated in manure-based activated car-

bons, phosphorus and sulfur, phosphorus is present at

sufficiently high concentrations to bind the amounts of

copper ion observed. Sulfur, as the sulfate anion, would be

too low in concentration to account for the binding levels

determined. Unfortunately, as the results show, significant

amounts of phosphorus are removed by an HCl wash. The

removal of phosphorus is dependent on the acid concen-

tration of the wash solution. In order to remove a metal ion

such as copper ion via adsorption by an activated carbon

rich in phosphorus, the phosphorus should be in the anionic

form. However, the form (orthophosphate, polyphosphate)

of phosphorus in the ash fraction is not known. Since

phosphorus originates in the manure, it is present as both

organic (phytic acid) and inorganic phosphate in the ani-

mal’s feed. However, when heated to the high temperatures

(700–800 �C) required to produce an activated carbon,

phosphorus may change to another form, such as a polymer

or polyphosphate. Additionally, the phosphorus may react

with organic constituents in the manure. Regardless of its

form, exposure to increasing concentrations of HCl relea-

ses it from the carbon, thus reducing the copper ion binding

capabilities of the carbon. This release could be simple acid

hydrolysis of the bound phosphorus, thus solubilizing the

phosphorus in the acid wash (Figs. 8, 9).

In most commercial activated carbons, adsorption is due

to available surface area and not so heavily dependent upon

the functionality of the surface groups. In addition, com-

mercial carbons are generally used for the adsorption of

organics, and not metal ions. It is evident by this study that

the carbons from broiler manure are different. If adsorption

was due to surface area alone, the adsorption capacity of

broiler manure carbons should have increased following

acid washing with the removal of ash and various other
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inorganic materials from the surface of the carbons, thereby

creating more available surface sites for the binding of the

copper ions [24]. However, the opposite occurred and metal

ion adsorption by the activated carbons significantly

decreased following the acid wash procedure. The ionized

form of the phosphorus in the functional groups on the

carbon is hypothesized to be phosphate (PO4
-3) which would

bind the positively charged metals of interest, in this case

copper. At pH of 5, the pH of peak adsorption as determined

by previous studies [17], the phosphorus should be in the

form of dihydrogen phosphate (H2PO4
- 99.3 %). This peak

adsorption represents the balance between the metals being
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Fig. 5 Comparison of copper
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available in solution (pH is below the precipitation point)

and the phosphorus being in a negatively charged form (pH

is high enough to have the dihydrogen phosphate form

instead of the phosphoric acid form). Since, phosphorus is

most likely involved in the mechanism for copper ion

adsorption, selective removal of other anions and cations

from the ash fraction while retaining the phosphorus content

would have been preferred. Unfortunately, this is not the

case. In order to retain copper ion adsorption in these car-

bons, conditions under which the carbons are used must

retain phosphorus. Most activated carbon applications are

conducted at a pH at or around neutrality, and at that pH

value only small amounts of anions similar to phosphorus,

namely, arsenate and selenate, were released from broiler

manure-based carbons [17]. Thus, phosphorus may be stable

and not extracted at pH 7.

Conclusions

• Subjecting broiler litter- and broiler cake-based carbons

to an acid wash with HCl, removes constituents of the

ash fraction based on the concentration of the acid used

for the wash.

• Removal of a major ash component, phosphorus,

correlates well with a decrease in copper ion adsorption.

• Considering that phosphorus is likely present as an

anion in the ash fraction, and that it is present in

relatively high concentrations, it may be responsible for

binding copper ions from solution. Therefore, the

mechanism of metal ion binding in animal waste

carbons may be quite different from that of plant waste

carbons where the presence of carbon-oxygen-contain-

ing functional groups may contribute to metal ion

binding.

Fig. 7 Kinetic rates for the

desorption of elements from

poultry cake carbon by acid

concentration

Fig. 8 Spent poultry litter carbon

Fig. 9 Unspent poultry litter carbon
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