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Abstract
Background and Objective: Poultry litter amendments are widely used to mitigate ammonia
(NH3) volatilization and some amendments, such as aluminum sulfate (alum), also reduce
litter-soluble phosphorus (P), thereby potentially decreasing P runoff and leaching. However,
the increasing cost of alum has prompted interest in alternative amendments that can
simultaneously reduce NH3 emissions and P solubility. This study evaluated the effects of
several   poultry   litter   amendments,  including  Alum  Mud  Litter  Amendment  (AMLA),  a
byproduct of alum production and TPX, a calcium silicate nanoparticle with high P adsorption
capacity, on NH3 emissions and soluble P concentrations in poultry litter.
Methodology: A pen trial was conducted to evaluate six treatments: (1) Untreated poultry
litter (control), (2) Alum-treated litter, (3) Sodium bisulfate (SBS)-treated litter, (4) AMLA-
treated litter, (5) Alum plus TPX and (6) SBS plus TPX. Cumulative NH3 fluxes, litter-soluble P
concentrations and other relevant litter and bird health parameters were assessed.
Results: Compared with the untreated control, cumulative NH3 fluxes were reduced by 70,
65, 63, 63  and  56% in  the  alum,  SBS,  AMLA,  SBS plus  TPX  and  alum  plus  TPX  treatments,
respectively. At the end of the trial, alum plus TPX, alum and AMLA reduced litter-soluble P
concentrations by 63, 56 and 52%, respectively, relative to the control. In contrast, SBS and
SBS plus TPX increased litter-soluble P concentrations by 18% and 6%, respectively, although
substantially higher concentrations were observed earlier in the grow-out period. The
addition of TPX had  no  significant  effect  on  cumulative  NH3  emissions  or  litter-soluble 
P  concentrations.  Furthermore,   SBS   increased   litter   moisture   and   Nitrous   Oxide   (N2O)
emissions and was associated with poorer footpad and hock scores.
Conclusion: AMLA performed comparably to alum in reducing both NH3 emissions and litter-
soluble P concentrations, indicating its potential as an alternative poultry litter amendment.
Although SBS effectively reduced NH3 emissions, its effects on litter-soluble P, increased litter
moisture   and   N2O   emissions   and   poorer   footpad   and  hock  scores  highlight  potential
environmental   and   bird   welfare   concerns.   The   addition   of  TPX  provided  no  apparent
additional  benefit  in  reducing  cumulative  NH3  emissions   or   litter   soluble   P   under   the
conditions evaluated.

INTRODUCTION

The United States (US) poultry industry produced 9.4
billion  broilers,  194  million  turkeys  and  105  billion  eggs  in

20251.   Two   of   the  largest  environmental  issues  associated
with  poultry  production  are  ammonia  (NH3)   emissions  and
phosphorus   (P)   runoff.   Agricultural    sources    account    for
approximately 80% of the atmospheric NH3 load in the US, of
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which 27% is estimated to be attributable to poultry manure2,3.
The   US  produces  an  estimated  13   million  megagrams  (14
million   tons)    of    broiler    litter    annually4.    Moore    et    al.5

determined that more than half of the nitrogen (N) excreted
by broiler chickens is lost to the atmosphere as NH3 emissions
before litter cleanout and reported an emission factor of 46 g
NH3-N/bird.  Based   on   this   emission   factor,   annual   NH3-N
emissions from 9.4 billion broilers would exceed 432 million
kg,   assuming   that   each   bird   emits   46   g  NH3-N.  Beyond
its  contribution  to  nutrient   losses,   NH3   contributes  to  soil
acidification6,7,     eutrophication    through     atmospheric     N
deposition8,9 and fine particulate matter formation, which is
associated with respiratory health problems in humans10,11.
Ammonia emissions can adversely affect poultry

production because of elevated NH3 concentrations in poultry
rearing facilities12,13. These elevated concentrations can cause
respiratory problems in poultry14 and agricultural workers15,16.
Damage  to  the  poultry  respiratory  tract  caused  by elevated
NH3 concentrations  can  impair  immune  function,  increasing
susceptibility to viral diseases17. Kling and Quarles18 observed
an increased incidence  of  airsacculitis  in  broilers  housed  in
facilities    with    high    NH3    concentrations.     Elevated     NH3
concentrations can also cause ocular damage19 and negatively
affect feed conversion and weight gain12,13.
Phosphorus   (P)   runoff   can   cause    eutrophication    of

freshwater systems because P is generally the limiting nutrient
for algal growth20. Soil-test P levels often become excessive in
pastures fertilized with poultry litter at rates based on crop
nitrogen (N) requirements because of the low N-to-P ratio in
poultry litter. Furthermore, approximately 90% of the P in
runoff water from pastures fertilized with poultry manure is
soluble reactive P21, the form most readily available for algal
growth22. Because soluble P, rather than total P, drives P losses
in   runoff,   amendments   that   reduce   soluble   P   can  more
effectively mitigate the risk of P transport to surface waters
than strategies that reduce total P alone23-25.
Litter amendments are widely used in the poultry industry

to   control   NH3   concentrations   in   poultry    houses.    Alum
(Al+Clear®, Chemtrade Logistics Inc., Toronto, Ontario, Canada)
and sodium bisulfate (PLT®, Jones-Hamilton Ag, Maumee, OH,
USA) are two commonly used amendments. Alum and sodium
Bisulfate  (SBS)  reduce  NH3  emissions   by  lowering  litter  pH,
thereby  shifting  the  equilibrium  from  volatile  NH3  toward
nonvolatile ammonium (NH4+).

Moore26-30  patented  the   use   of   alum   to   reduce    NH3
volatilization and P runoff from poultry litter, building on the
work of Moore and Miller31, who demonstrated that aluminum
(Al), calcium (Ca) and iron (Fe) amendments reduced soluble
P  in  manure.  Subsequent  research  demonstrated  that alum

substantially reduced P runoff and leaching while lowering
NH3 concentrations in poultry houses, thereby improving feed
conversion, weight gain and livability in broilers32-37. Reducing
NH3 volatilization with alum can also allow lower winter
ventilation rates, resulting in reduced electricity and propane
costs33,38,39. Eugene et al.37 determined that reduced propane
consumption in alum-treated poultry houses also decreased
carbon  dioxide  (CO2)  emissions.  Moore  et  al.33  reported   a
benefit-to-cost ratio of 1.96 for alum treatment of poultry litter,
indicating that the practice was economically beneficial under
the  conditions  evaluated.  The  ability  of  alum  to reduce NH3
emissions and litter-soluble P, together with its associated
production and environmental benefits, has led to its use in
the production of approximately 40% of broilers in the US40.
However,   alum   prices    have    nearly    tripled    since    1999,
increasing  from  $220/Mg   in   1999   to   $605-$661/Mg.   This
increase   has   eroded   much   of  alum's  cost  advantage  and
prompted the search for less expensive alternatives.
AMLA (alum mud litter amendment), manufactured using

alum    mud,    bauxite    and    sulfuric    acid41,42,   was   recently
developed  as  a  poultry  litter  amendment.  Alum  mud  is  an
acidic   solid   residue   generated   as  a    byproduct    of    alum
manufacturing43 that must currently be disposed of in landfills,
resulting in substantial disposal costs42. Conservative estimates
by Moore42 indicate that AMLA production costs could be up
to 50% lower than those of conventional alum. Moore42 also
reported    that   AMLA   performed   comparably   to   alum   in
reducing   NH3  volatilization  and  soluble  P  in  treated  litter,
suggesting that AMLA could serve as a lower-cost alternative
to alum.
Recent studies have reported instances in which alum

treatment failed to reduce soluble P in poultry litter and, in
some cases, increased its concentration44-46. Elevated soluble
P concentrations in alum-treated litter have most often been
observed when the litter was previously treated with SBS. In
the US, multiple broiler flocks are typically raised on the same
bedding   material,    which    can    result    in    the    sequential
application of different litter amendments over time.
Moore44 patented the use of TPX (N-Clear Inc., Atlanta, GA,

USA),  a  calcium-based  nanoparticle,  to  reduce  soluble  P  in
poultry  litter.  TPX  is  currently  used  to  reduce  soluble  P  in
poultry processing plant wastewater because of its high P
adsorption      capacity47.     Moore44,45K     reported     substantial
reductions    in    soluble    P    in   poultry   litter   following   the
application of TPX alone or in combination with alum or SBS.
The addition of TPX in combination with alum or SBS was also
reported  to  produce  a  synergistic  effect on the reduction of
litter soluble P.
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The objective of this study was to evaluate the effects of
several  poultry  litter   amendments   on   NH3   emissions   and
soluble  P  concentrations   in   poultry   litter   under   pen   trial
conditions.

MATERIALS AND METHODS

Design and treatments: Pen trials were conducted at the
University of Arkansas Agricultural Research and Extension
Center in Fayetteville, Arkansas. The experiment included six
treatments,   each   with   four   replicates   and   41   birds    per
experimental unit, arranged in a completely randomized block
design. The six treatments were: (1) Untreated control, (2) 106
kg of alum/100 m2,  (3)  106  kg  of  SBS/100  m2,  (4)  106  kg  of
AMLA/100   m2,   (5)   106   kg   of   alum/100   m2   +10.6   kg  of
TPX/100 m2 and (6) 106 kg of SBS/100 m2 +10.6 kg of TPX/100
m2. Litter amendments were applied to 40 kg of litter from
four previous flocks three days before chick placement. Forty-
one 1-day-old Cobb×Cobb broiler chicks were randomly
allocated to 24 pens (2.1×1.8 m), providing a stocking density
of 0.09 m2/bird. Environmental conditions were maintained
using    an    automatically    controlled    system    for   lighting,
temperature  and  ventilation  (0.85  m3/hrs  per  bird),  with a
single   fan   providing   negative   pressure.   Each   pen   was
equipped with an automatic bell drinker and one tube feeder.
Standard  corn-soybean  meal  diets  were  prepared  at  the
University of Arkansas feed mill. Chicks received starter diets
from days 1 to 14, grower diets from days 15 to 35 and finisher
diets from day 36 until day 42. All broilers had free access to
commercial feed and drinking water throughout the study.
Because   NH3   and   other   gases  mixed  freely  in  the  shared
airspace above the pens, bird weights and feed conversion
were    not    measured,    as    any    observed    differences    in
performance could not be confidently attributed to individual
litter treatments.

Flux measurements: Ammonia (NH3), nitrous oxide (N2O) and
carbon dioxide (CO2) fluxes were measured and litter samples
were  collected  from  each  pen  on  days  0  (the  day  of  chick
placement), 7, 14, 21, 28, 35 and 42. Gas fluxes from the litter
were measured at four locations within each pen using an
Innova   1512    Photo-acoustic    Multi-gas    Analyzer    (Innova
AirTech Instruments, Ballerup, Denmark) connected to a 12-L
plastic flux chamber. The chamber (29 cm in diameter and 35
cm in height) was equipped with a battery-operated fan to
mix the air and FEP tubing for sample collection and air return.
Gas   concentrations   were   measured   immediately   before
chamber placement (time zero) at a point directly above the
litter surface and again 1 min after the chamber was placed on

the litter, as described by Choi and Moore48. Gas fluxes were
calculated from the rate of gas accumulation in the chamber
headspace between the two measurement points and
normalized to the chamber's surface area and volume.
Litter    samples    were    collected    from   the   same   four

locations in each pen used for gas flux measurements. The
four samples were homogenized in a clean plastic bucket and
an approximately 100-g subsample was placed in a plastic bag
and refrigerated at 4EC until analysis.

Litter analysis: Litter samples were analyzed for pH, electrical
conductivity     (EC),     moisture     content,     soluble     metals,
ammonium,  total  nitrogen  (TN),  total  carbon  (TC)  and  total
metals. Moisture content was determined by oven-drying a
litter  subsample  at  60EC  for  seven  days.  Water-extractable
constituents were extracted using a 1:10 litter-to-water ratio49.
20  g  of litter and 200 mL of deionized water were added to a 
250-mL  centrifuge  tube,  shaken  on  a  mechanical  shaker for
2 h, centrifuged at 8,000 rpm for 15 min and filtered through
0.45-:m nitrocellulose filters. Litter pH and EC were measured
in unfiltered aliquots of the extract. Soluble metals were
analyzed by inductively coupled plasma optical emission
spectroscopy    (ICP-OES)    using    an    Agilent   5110   ICP-OES
instrument (Agilent Technologies, Santa Clara, CA, USA). Total
metals were determined by nitric acid and hydrogen peroxide
digestion of ground, oven-dried litter samples, followed by
ICP-OES  analysis.50  Total  C  and   N   were  determined  by  dry
combustion   of   fresh   litter   using   an  Elementar  Vario  Max
analyzer (Elementar Americas, Ronkonkoma, NY, USA).

Footpad    dermatitis    and    hock    burn    scores:    Footpad
dermatitis and hock burn scores were assessed on days 21 and
42 in five birds randomly selected from each of the 24 pens at
the beginning of the study. Both feet of each bird were scored
for footpad dermatitis and hock burn according to the Welfare
Quality51 method. Scores ranged from 0, indicating no footpad
lesions or hock burns, to 4, indicating severe footpad lesions
or hock burns.

Statistical analyses: Statistical analyses were performed using
the GLIMMIX procedure in SAS 9.4 to evaluate the effects of
litter amendments on gas fluxes and litter characteristics. The
experiment followed a completely randomized block design
with four blocks. Analysis of variance (ANOVA) was conducted
to evaluate the effects of litter amendment treatments, with
blocks included as random effects. Treatment means were
compared using Fisher's least significant difference (LSD) test
at a significance level of 0.05.
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RESULTS AND DISCUSSION

Litter   characteristics:   Litter   characteristics,   including    pH,
electrical    conductivity    (EC)    and    moisture    content,   play
important roles in NH3 emissions, bird health and the
suitability of litter for land application. Weekly pH, EC and
moisture content data are presented in Table 1. At the
beginning of the flock, the pH of treated litter ranged from  5.0
to 5.9, whereas untreated control litter had a pH of 8.2. Among 
the  treatments,  AMLA  resulted  in  the  lowest  initial pH (5.0),
while  alum+TPX  had  the  highest  pH  (5.9).  All  amendments
maintained  significantly  lower  litter  pH  than  the   untreated
control throughout the study. AMLA- and alum-treated litter
had the lowest pH values on days 7, 14 and 21, indicating that
these amendments maintained lower pH for a longer duration.
By  day  35,  no  significant  differences  in  pH   were   observed
among  the  amendments.  The  addition  of  TPX  appeared  to
attenuate the pH reduction, as indicated by the higher pH of
SBS + TPX-treated litter (7.3) compared with SBS-treated litter
(7.1) on day 28. The NH3-NH4+ equilibrium is influenced more
strongly by litter pH than by amendment-specific chemistry.
Therefore,   amendments   capable   of   maintaining   litter   pH
below 7 for a longer period should provide similar benefits in
reducing NH3 volatilization36.
The   EC   of  untreated  control  litter  ranged  from  6.7  to

7.2 mS cmG1 throughout the study (Table 1). Over the 42-day
study  period,  the  average  EC  values  of   litter   treated   with

AMLA, alum and alum + TPX were 11.3, 12.1 and 12.1 mS cmG1,
respectively, all of which exceeded the overall average for the
untreated control (7.0 mS cmG1). The highest numerical EC
values at the final sampling were observed in SBS- and SBS
+TPX-treated  litter,  at  16.1  and  15.7  mS  cmG1,  respectively.
Higher EC values in amended litter were expected because of
the addition of aluminum and sodium bisulfate salts48. Unlike
the  reduction  in   pH,   the   elevated   EC   of   amended   litter
persisted    throughout    the    42-day    flock,    reflecting    the
accumulation of soluble salts rather than a transient chemical
reaction. The sustained increase in litter EC has implications for
land application, particularly in arid environments where soil
salinization is a concern.
At  the  beginning  of  the  flock,  litter  moisture  content

ranged   from   19-24%,   with   SBS-treated   litter   exhibiting
significantly     higher     moisture     content     than    all    other
treatments. The higher initial moisture content of SBS-treated
litter   may    be    attributable    to    the    application     of     the
amendments three days before chick placement (day 0). Litter
moisture content increased over the course of the study in all
treatments. The most pronounced differences occurred on
days   14,  21  and  28,  when  SBS-  and  SBS+TPX-treated  litter
had  significantly  higher  moisture  content  than  all  other
treatments. On day 42, the moisture content of SBS-treated
litter was 38%, compared with 30% for AMLA-treated litter,
30% for alum-treated litter and 31% for alum+TPX-treated
litter. The moisture contents of AMLA-, alum- and alum +TPX-

Table 1: Litter pH, electrical conductivity and moisture content by treatment and sampling day
Days
--------------------------------------------------------------------------------------------------------------------------------------

Treatments 0 7 14 21 28 35 42 Average
                                                                                       -------------------------------------------------------------------------------pH----------------------------------------------------------------------------
Control 8.2a 8.0a 7.8a 7.9a 8.2a 8.3a 8.1a 8.1a

AMLA 5.0c 6.0bc 6.2d 6.6d 7.2bc 7.5b 7.6b 6.6b

Alum 5.4bc 5.9c 6.1d 6.7d 7.2bc 7.4b 7.5b 6.6b

Alum+TPX 5.9b 6.3bc 6.5c 6.9c 7.3b 7.5b 7.6b 6.9b

SBS 5.3bc 6.3bc 6.4c 6.9c 7.1c 7.5b 7.6b 6.7b

SBS+TPX 5.5bc 6.4b 6.8b 7.1b 7.3b 7.5b 7.5b 6.9b

                                                                                      --------------------------------------------------------Electrical conductivity mS cmG1---------------------------------------------------------------
Control 7.1c 7.2c 7.0d 6.7e 6.8c 6.9d 7.2d 7.0c

AMLA 12.7b 12.0b 11.2c 10.7d 11.1b 10.7c 10.4c 11.3b

Alum 13.5b 13.2b 12.0bc 11.5cd 11.9b 11.5b 10.8c 12.1b

Alum+TPX 13.2b 12.9b 12.3b 11.6c 12.2b 11.4b 11.2b 12.1b

SBS 20.7a 18.3a 17.0a 15.2a 14.3a 13.5a 13.7a 16.1a

SBS+TPX 20.2a 18.1a 15.9a 14.4b 15.2a 13.3a 12.5b 15.7a

                                                                            --------------------------------------------------------------------Moisture (%)----------------------------------------------------------------------------
Control 19.0c 18.0a 20.0a 26.0a 26.0a 30.0a 35.0a 25.0bc

AMLA 19.0c 17.0a 20.0a 23.0a 23.0a 27.0a 30.0b 23.0c

Alum 20.0c 18.0a 20.0a 26.0a 23.0a 28.0a 30.0b 24.0c

Alum+TPX 21.0bc 19.0a 20.0a 23.0a 23.0a 27.0a 31.0b 23.0c

SBS 24.0a 21.0a 26.0b 33.0b 31.0b 36.0a 38.0a 30.0a

SBS+TPX 22.0ab 19.0a 25.0b 30.0b 29.0b 33.0a 36.0a 28.0ab

Values in columns followed by different letters indicate significant differences in means at an alpha level of 0.05, AMLA: Alum mud litter amendment, SBS: Sodium
bisulfate and TPX: A calcium silicate nanoparticle
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Table 2: Litter total nitrogen (TN) and soluble reactive phosphorus (SRP) concentrations by treatment and sampling day 
Days
------------------------------------------------------------------------------------------------------------------------------------------------

Treatments 0 7 14 21 28 35 42 Average
--------------------------------------------------------------------------Total N (g kgG1)-----------------------------------------------------------------------------------------

Control 27.7a 28.7a 27.5b 25.1b 24.4b 23.5c 22.8d 25.7b

AMLA 27.2a 30.7a 32.1a 30.1a 29.3a 27.1a 26.3bc 29.0a

Alum 27.7a 30.4a 31.3a 29.0a 29.6a 27.5a 28.2a 29.1a

Alum+TPX 26.0a 29.4a 32.5a 28.6a 28.6a 26.6ab 26.8ab 28.4a

SBS 25.9a 29.9a 27.4b 25.7b 26.0b 25.1b 25.8bc 26.5b

SBS+TPX 24.4a 31.2a 26.7b 25.1b 25.6b 23.4c 25.1c 25.9b

                                                            -------------------------------------------------------------------------SRP (mg kgG1)--------------------------------------------------------------------------------------
Control 1201.0c 1361.0c 1456.0c 1188.0c 967.0c 838.0b 967.0a 1140.0c

AMLA 162.0d 432.0d 603.0d 706.0d 619.0d 458.0c 502.0b 497.0d

Alum 97.0d 271.0d 437.0d 579.0d 516.0d 406.0c 464.0b 396.0d

Alum+TPX 51.0d 198.0d 361.0d 491.0d 437.0d 384.0c 380.0b 329.0d

SBS 6757.0a 4817.0a 4684.0a 2676.0a 1919.0a 1217.0a 1110.0a 3312.0a

SBS+TPX 5816.0b 4067.0b 2797.0b 1781.0b 1268.0b 936.0b 1008.0a 2525.0b

Values in columns followed by different letters indicate significant differences in means at an alpha level of 0.05, SRP: Soluble reactive phosphorus, AMLA: Alum mud
litter amendment, SBS: Sodium bisulfate and TPX: A calcium silicate nanoparticle

treated litter were also significantly lower than that of the
untreated control (35%) on day 42. Applications of sodium
bisulfate (PLT) have been shown to increase litter moisture
content because of its hygroscopic properties52,53. In a study
conducted in commercial broiler houses, Hunolt et al.53

reported  significantly  higher  litter  moisture  content  in  PLT-
treated  houses  (34%)  than in untreated houses (21%). Hunolt
et al.53 also reported reduced bird performance, as indicated
by lower weight gains, in the SBS-treated house, which  the 
farmer  attributed  to  the  higher moisture content of the 
treated  litter.  Carr  et  al.54 found that increased litter moisture
content can increase NH3 volatilization.

Litter total nitrogen (TN) concentrations over time are
presented  in  Table  2.  At  the  beginning  of  the  study,  TN
concentrations ranged from 24.4 to 27.7 g TN kgG1, with no
significant differences among treatments through day 7. On
days 14, 21 and 28, AMLA-, alum- and alum + TPX-treated litter
had significantly higher TN concentrations than SBS- and SBS+
TPX-treated litter. Across the 42-day study, the average TN
concentrations for AMLA, alum and alum + TPX were 29.0, 29.1
and 28.4 g N kgG1, respectively. These values were significantly
higher than those for SBS, SBS+TPX and the untreated control,
which were 26.5, 25.9 and 25.7 g N kgG1, respectively. On day
42, the TN concentration of alum-treated litter (28.2 g TN kgG1)
was 24%  higher  than  that  of  the  untreated  control  (22.8 g
TN   kg-1)   and   was   numerically   the   highest   among   the
amendment  treatments.  In  contrast,  SBS+TPX-treated  litter
had    the   lowest   TN   concentration   among   the   amended
treatments (25.1 g TN  kgG1,  Table  2).  These  findings  suggest
that aluminum-containing amendments were more effective
than SBS-based amendments in conserving N in poultry litter.
By retaining several additional grams of N per kilogram of litter 

relative       to       SBS-based       treatments,      aluminum-based
amendments may reduce N losses and increase the fertilizer
value of litter for subsequent land application. Sims and Luka-
McCafferty55  compared  97  alum-treated  poultry houses with
97   untreated   houses   and   reported   that   alum   treatment
increased litter TN concentrations. Anderson et al.46 found that
cumulative forage yields from runoff plots fertilized with litter
from the current study were significantly higher for all litter
treatments than for the unfertilized control. Similarly, studies
using alum-treated litter reported forage yield increases of 6%
and 28% relative to untreated litter, as reported by Moore and
Edwards and Shreve et al.32, respectively.
Litter-soluble reactive phosphorus (SRP) concentrations

over   time   are   presented   in   Table   2.   Immediately   after
amendment application, AMLA, alum and alum + TPX reduced
litter  SRP  concentrations  by  86,  92   and   96%,   respectively,
whereas SBS and SBS+TPX increased SRP concentrations by
463% and 384%, respectively. Litter treated with aluminum-
based  amendments  maintained  lower  SRP  concentrations
than the untreated control throughout the study. At the end
of   the    study,   alum+TPX,   alum   and   AMLA   reduced   SRP
concentrations by 61, 52 and 48%, respectively, relative to the
control. Although alum+TPX did not differ significantly from
the    other    aluminum-based    amendments,   it   consistently
exhibited the numerically lowest litter SRP concentrations and
had an SRP concentration 18% lower than that of alum-treated
litter  on  day  42  (Table  2).  The  sustained  reduction  in  SRP
throughout the 42-day flock suggests that aluminum-based
amendments    continued    to    bind    P    beyond    the   initial
application,     maintaining     their     effectiveness      as      litter
accumulated. The SBS-based treatments had significantly
higher SRP concentrations than the untreated control during
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Fig. 1: Ammonia flux (NH3-N) as a function of litter pH
AMLA: Alum mud litter amendment, SBS: Sodium bisulfate and TPX: A calcium silicate nanoparticle

Table 3: Ammonia-N flux as a function of time
Days
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Treatments 0 7 14 21 28 35 42
                                                                                ----------------------------------------------------------Ammonia-N Flux (mg mG2 hrG1)-----------------------------------------------------------------
Control 189.0a 41.0a 67.0a 383.0a 365a 510a 1289a

AMLA -0.5b 0.8b 0.4b -1.1b 74b 410a 1143a

Alum 1.8b 1.5b 0.9b 0.9b 71b 279a 1124a

Alum+TPX 4.7b 1.0b 1.6b 15.7b 150b 411a 1293a

SBS 0.8b 2.4b 2.6b -1.5b 44b 420a 936a

SBS+TPX -0.3b 1.9b 3.5b 29.0b 118b 360a 983a

Values in columns followed by different letters indicate significant differences in means at an alpha level of 0.05, AMLA: Alum mud litter amendment, SBS: Sodium
bisulfate and TPX: A calcium silicate nanoparticle

the  first  four  weeks  of  the  study  (Table  2).  The  SBS+TPX
treatment had significantly lower SRP concentrations than SBS
alone during the first five weeks and remained numerically 9%
lower at the end of the study, although this difference was not
statistically    significant.    Moore45   observed   that   alum+TPX
reduced SRP concentrations by 77% relative to alum alone. In
a   rainfall    simulation    study    conducted    on    small    plots,
Anderson et al.46 found that litter treated with AMLA, alum and
alum+TPX  reduced  soluble  P   runoff   by   50,   60   and   38%,
respectively.

Ammonia      and      greenhouse      gas       fluxes:       Ammonia
volatilization from litter treated with the various amendments
remained   near   zero   until   the   litter   pH   increased   to
approximately   7.0,   at   which   point   volatilization  increased
exponentially (Fig. 1). NH3 fluxes from amended litter began to
increase between days 21 and 28 and by day 35, no significant
differences in fluxes were observed between amended and
control  litter   (Table  3).   Moore   et   al.36  observed   that   NH3
volatilization  increases  rapidly   when   litter   pH   reaches   or

exceeds 7. NH3  fluxes  from  the  control  litter  ranged  from
189 mg NH3-N mG² hG1 on day 0 to 1,289 mg NH3-N mG2 hG1 on
day    42.     The    alum+TPX    treatment    generally    exhibited
numerically  higher  NH3   fluxes   than   the   AMLA   and   alum
treatments.  Similarly,  NH3  fluxes  were  numerically  higher in
SBS + TPX-treated litter than in litter treated with SBS alone on
days 14, 21, 28 and 42 (Table 3). The effectiveness of the litter
amendments  in  reducing  NH3  fluxes  declined   as   litter   pH
increased  over  the  course   of   the   flock.   Anderson   et   al.57

reported similar patterns of NH3 emission reduction in alum-
and AMLA-treated litter over the course of a flock in a pen trial.
Cumulative  NH3  fluxes  during  the  42-day  study  ranged

from  87  g  NH3-N  mG²  for  alum-treated  litter  to 292 g NH3-N
mG2 for the untreated control (Fig. 2a). All amendments
significantly  reduced  cumulative  NH3  fluxes  relative   to   the
untreated control. Alum produced the greatest numerical
reduction in cumulative NH3 fluxes (70%), whereas alum + TPX
produced    the    smallest    reduction    (56%);    however,     no
significant      differences      were      observed      among       the
amendments.    The    high    spatial   and   temporal   variability

269

5.5

Control AMLA Alum Alum+TPX SBS SBS+TPX1800

1600

1400

1200

1000

800

600

400

200

0

-200
5 6.0 6.5 7.0 7.5 8.0 8.5

Litter pH

A
m

m
o
n
ia

fl
u
x
 (

m
g

N
H

-N
 m

h
r

)
3

�

2
�

1



Int. J. Poult. Sci., 2026, 25: 264-274 Jerry W. Martin et al.

Fig. 2(a-c): Cumulative (a) NH3-N (b) N2O-N and (c) CO2 emissions as a function of time
AMLA: Alum mud litter amendment, SBS: Sodium bisulfate and TPX: A calcium silicate nanoparticle

inherent  in  chamber-based  NH3  flux  measurements   limited
the      statistical      power     to     detect     differences     among
amendments, despite the numerically substantial differences
observed. Litter TN content may provide a complementary
indicator of N conservation because of its lower variability
among samples and the clear differences observed among
treatments. Average TN concentrations in litter treated with
aluminum-based amendments were significantly higher than
those  in   litter  treated  with  SBS-based  amendments.   In   a
14-day laboratory study, Moore42 found that alum reduced

cumulative NH3 fluxes by 86%. In the same study, reductions
in  cumulative  NH3  fluxes  ranged  from  62-73%  among eight
different    AMLA    formulations.   Anderson   et   al.57   reported
reductions  in  NH3  emissions  of  70  and  56%  for  AMLA   and
alum, respectively. Eugene et al.37 reported a 47% reduction in
NH3 emissions from poultry houses treated with alum.
Cumulative     nitrous    oxide   (N2O)   fluxes   ranged   from

431  mg  N2O-N  mG²  for  the  untreated  control  to  1,064  mg
N2O-N  mG2  for  SBS-treated  litter  (Fig.   2b).   Cumulative   N2O
fluxes were higher in SBS-treated litter (1,064 mg N2O-N mG2)
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Table 4: Footpad and Hock Burn Scores at Day 21 and 42
Footpad Hock Burn
------------------------------------------------------------ ---------------------------------------------------------------

Treatments 21 42 21 42
Control 0.35b 0.43c 0.00a 0.85bc

AMLA 0.00c 0.20cd 0.00a 0.50cd

Alum 0.00c 0.25cd 0.00a 0.70bcd

Alum+TPX 0.03bc 0.00d 0.00a 0.33d

SBS 0.88a 1.35a 0.00a 1.43a

SBS+TPX 1.03a 0.90b 0.00a 1.10ab

Values in columns followed by different letters indicate significant differences in means at an alpha level of 0.05, AMLA: Alum mud litter amendment, SBS: Sodium
bisulfate and TPX: A calcium silicate nanoparticle

and  SBS+TPX-treated  litter  (780  mg  N2O-N  mG2)  than in the
control, with SBS-treated litter exhibiting higher fluxes than all
other treatments. Litter moisture content was higher in the
SBS treatment than in all other treatments, while SBS+TPX-
treated litter had higher moisture content than litter receiving
amendments without SBS (Table 1). As noted previously, the
increased  moisture  content  of  SBS-treated  litter  was  likely
attributable to the hygroscopic nature of SBS. Anderson et al.
reported   no   significant   differences   in   N2O   fluxes   among
treatments in a similar pen trial involving alum- and AMLA-
treated   broiler   litter.   Cumulative   N2O   fluxes   reported   by
Anderson    et    al.58    over    a    42-day   emission   study   were
considerably  higher,  averaging  more  than  1,200   mg N2O-N
mG2,  compared  with  an  average  of 644 mg N2O-N mG2 in the
present  study.  Anderson  et  al.58  reported  an   average   litter
moisture content of 35%, compared with 25% in the present
study,  which   may   partly   explain   the   lower   average   N2O
emissions   observed   here.   High   manure   moisture  content
can    promote    anaerobic    conditions,    thereby     increasing
denitrification within the litter 59.

Cumulative carbon dioxide (CO2) fluxes ranged from 15.6
kg CO2 mG2 for AMLA-treated litter to 23.3 kg CO2 mG2 for the
untreated control (Fig.  2c).  Cumulative  CO2  fluxes  were 15.6,
15.7  and  16.6  kg  CO2  mG2  for  AMLA,  alum  and  alum+TPX,
respectively and all three values were significantly lower than
that of the control. Cumulative CO2 fluxes for SBS+TPX (19.5 kg
CO2 mG2) and SBS (20.5 kg CO2 mG2) did not differ significantly
from  those   of   the   other   treatments   (Fig.   2c).   CO2  fluxes
increased throughout the flock as the birds grew, consistent
with observations from previous studies58,60. Anderson et al.58

reported no significant differences in cumulative CO2 fluxes
between   untreated   control   litter   and   litter   treated    with
aluminum  compounds  (AMLA   and   alum).   Tasistro   et   al.61

observed that SBS reduced CO2 emissions during an 11-day
study  of  broiler  manure  with  various  bedding  materials.
Eugene  et  al.37   reported   lower   total   CO2   emissions    from
commercial   poultry   houses   treated   with   alum  than  from

untreated houses; however, this reduction was attributed to
lower propane consumption resulting from reduced in-house
NH3 concentrations.
The lower cumulative CO2 fluxes observed with AMLA,

alum and alum+TPX, together with reduced NH3  fluxes and,
for AMLA, lower N2O fluxes, suggest that these aluminum-
based amendments may  reduce  emissions of  multiple  gases
simultaneously rather than simply shifting emissions from one
gaseous   form   to  another.  This  potential   multi-gas   benefit
would  not  be  fully  captured  by  evaluating  emissions  of  a
single gas in isolation.

Foot scores: Footpad scores for broilers raised on litter treated
with  SBS  and  SBS  TPX  were  0.88  and  1.03,  respectively,  at
3 weeks of age and were significantly higher than those of all
other  treatments  (Table  4).  The   lowest   footpad   scores   at
3 weeks were observed in birds raised on litter treated with
AMLA or alum, both of which had a score of 0, compared with
0.35 for the control. Likewise, footpad scores at 6 weeks of age
were highest for birds  raised  on  SBS-treated  litter  (1.35)  and
SBS+TPX-treated litter (0.90) and numerically lowest for birds
raised on alum + TPX-treated litter (0). The high footpad scores
observed in broilers raised on SBS-treated litter were likely
associated with the higher litter moisture content. Jong et al.62

observed   that   increased    litter    moisture    content   caused
footpad  dermatitis  and  was  associated  with  other  welfare
issues in broiler chickens.
Hock burn was not observed in birds from any treatment

at 3 weeks of age (Table 4). At 6 weeks, hock burn scores were
highest in birds raised on SBS-treated litter (1.43) and lowest
in birds raised on alum+TPX-treated litter (0.33), which was
lower than  the  control  (0.85).  Similar  results  were  reported
by Kjaer et al.63, who  found  that  the  incidence  of  hock  burn
increased   rapidly   after   4   weeks   of   age   in   fast-growing
conventional  broiler  hybrids,  with  less  than  10%  of  birds
exhibiting  hock  burn  during  the  first  4  weeks.  Treatments
containing aluminum compounds resulted in lower footpad
scores than treatments containing SBS at both 3 and 6 weeks
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of age. A similar pattern was observed for hock burn scores at
6 weeks, with SBS-containing treatments exhibiting higher
scores. These  differences  are  likely  related  to  differences  in
litter   moisture   content,   as   SBS-containing  treatments  had
significantly    greater     average     moisture     contents     than
treatments containing aluminum compounds.

CONCLUSION

All amendments reduced cumulative NH3 emissions and
improved litter N retention relative to the untreated control,
although   the   magnitude   of   these   effects   depended   on
amendment chemistry. Although, the high variability in the
flux data resulted in no significant differences in cumulative
NH3 fluxes among the litter amendments, litter treated with
alum, alum + TPX and AMLA had significantly greater litter TN
concentrations than the untreated control and litter treated
with SBS and SBS+TPX, indicating more effective N retention
with the alum+TPX and AMLA treatments. Aluminum-based
treatments   also    significantly    decreased    litter-soluble    P
compared   with   the   control,   with   alum+TPX  showing  the
greatest reduction (63%). Sodium bisulfate-based treatments
increased litter-soluble P, with the greatest increase occurring
at the beginning of the study, when pH values were lowest.
Sodium    bisulfate-based    treatments    also    increased    N2O
emissions compared with control litter. Aluminum-based
treatments generally resulted in lower footpad and hock burn
scores than untreated litter, whereas SBS-based treatments
resulted in significantly higher footpad and hock burn scores,
likely because of the increased litter moisture associated with
the hygroscopic nature of SBS. When TPX was applied with
SBS, litter-soluble P decreased significantly during the first five
weeks of the study compared with SBS alone. However, the
magnitude   of   this   decrease   was   lower   than   previously
reported and the difference was no longer significant at the
end of the study. Although, the combination of TPX and alum
consistently     resulted     in    numerically    lower    soluble    P
concentrations   than   alum   alone,   the   difference   was   not
statistically     significant.    At    some    sampling     times,     the
combination of TPX with alum or SBS resulted in significantly
higher pH values than the corresponding dry acid treatment
alone,  which  is  of  concern  because  the  reduction  in  NH3
volatilization    depends    on    maintaining    lower    litter    pH.
Therefore, further research is needed to determine whether
the use of TPX is cost-effective when applied in combination
with dry acid amendments such as alum and SBS. AMLA had
effectiveness similar to that of alum in reducing NH3 fluxes,
increasing  litter  N   content,   lowering   litter   soluble   P   and
reducing contact dermatitis, as indicated by footpad and hock

burn scores. Given the comparable performance of AMLA to
alum and  its  lower  production  cost,  AMLA  may  provide  a
viable alternative to alum for producers seeking to manage
both NH3 and P while addressing the price volatility currently
affecting the alum market.
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