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Abstract   In  this s tudy,  the main character is t ics  and soi l  amendment  17 

effect  on the sal ine-alkal i  soi l  of  humic acid ex tracted from solubi l ized 18 

excess  s ludge (SS-HA) were invest igated.   The excess  s ludge was 19 

solubi l ized prior  to  ex tract ion to  improve the humic acid recovery rate .   20 

The s t ructural  features  of  SS-HA were  character ized by an  elemental  21 

analysis ,  Fourier  t ransform infrared spectroscopy,  and 1H-nuclear  22 
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magnet ic  resonance  spectroscopy,  and compared with those of  HA 1 

extracted from non-solubi l ized excess  s ludge (ES-HA).   The resul ts  2 

showed that  extract ion eff iciency of  humic acid was enhanced by using 3 

solubi l izat ion,  al though s t ructural  propert ies  of  humic acid ex tracted 4 

from solubi l ized excess  s ludge were almost  same as  those of  ES-HA.  5 

To study a ut i l izat ion method of  SS-HA, the soi l  amendment  effect  on 6 

sal ine-alkal i  soi l  by mixture of SS-HA were invest igated with model  7 

soil -column experiment .   SS-HA reduced the pH of  the sal ine-alkal i  8 

soil ,  and the  effect  was fas ter  or  immediate observed compared with the 9 

case which is  only peat  added.   Moreover,  the cat ion exchangeable 10 

capaci ty of  the sal ine-alkal i  soi l  was enhanced by addi t ion of  SS-HA.   11 

 12 

Key words  humic acid,  solubi l ized excess  s ludge,  pH,  exchangeable 13 

cat ion,  saline-alkal i  soi l  14 

 15 

Introduction 16 

Activated s ludge process  has  been widely employed for  wastewater  17 

t reatment  in  many countr ies .   Generat ion of  excess  s ludge (ES) is  one 18 

of the drawbacks of  this  process .   Recent ly,  adjustment  to  sustainable 19 

developing society is  policy of  the Japanese Government  in  waste 20 

management .   Organic waste (biomass) is  ranked as  part  of the 21 

untouched natural  resources ,  and proact ive ut i l ization of  those came to  22 

be s t rongly demanded.   One possible way for  ES to  be u ti l ized is  to 23 
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extract  some of  the beneficial  compounds that  ES contains  for  use.   It  1 

i s  wel l  known that  excess  s ludge is  degraded and humified by 2 

microorganisms to  become compost  etc ,  and i t  contains  some bioact ive 3 

compounds such as  humic substances  (HS).1   HS is  broken down 4 

organic components  formed by plant  decay and other  biological  5 

act ivit ies  and is  found in  almost al l  terres t r ial  and aquat ic  6 

environments .   HS have various useful  effects  due to  their  funct ional 7 

groups.   There are three types  of  HS,  according to  their  solubi l i ty in  8 

water:  fulvic acid (FA),  humic acid (HA) and humin.   The fract ion that  9 

i s  precipi tated by acid is  referred to  as  HA and those that  are not 10 

precipi tated by acid are FA and humin is  not  soluble in  water. 2     HA 11 

i s  a  very important  component  of  soi l  that  affects  i t s  phys ical  and 12 

chemical  propert ies  and improves the fer t i l i ty of  agricul tural  f ields .   13 

HA can form complexes  with various metal  ions and thereby increase 14 

the cat ion exchange capaci ty (CEC) of  the soi l .3 , 4   HA also promotes 15 

very complex  biological  act ivi ty.   For  example,  HA has  many different  16 

effects  on plant  metabol ism in the diverse systems that  have been  17 

tes ted.5 - 7   One prac tical  example of  soil  improvement  in  response to 18 

the addi t ion of  HA i s  the posit ive effect  on the pH of  sal ine-alkal i  soil  19 

after  addi t ion of  Canadian peat  reported  by Kawakami et  al . . 8 , 9   In  the 20 

environmental  f ield ,  FA is  known to supply i ron nutr ients  to  the sea 21 

because of  i t s  character is t ical ly s t rongly bonding to i ron.1 0   FA also 22 

has a role in  environmental  cleanup operat ions  where i ts  abi l i ty to  form 23 
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complexes  with metals  makes i t  a  useful  coagulant  for  harmful  heavy 1 

metals  and ass ists  in  detoxif icat ion of  carcinogenic hexavalent  2 

chromium.11   In  heal thcare f ield ,  phys iological  act ion on the human 3 

body of  HS has  been  s tudied in  recent  years . 1 2 , 1 3  4 

In  this  s tudy,  to  examine whether  ES could be a new source of  HS, 5 

we extracted and puri f ied HS from ES. HS are abundant in peat ,  6 

weathered coal ,  and other  humified substances .1 4   However,  the cost  of  7 

t ransport ing peat  from wet lands to  ar id  lands where  i t  might  be ut i l ized 8 

i s  very large.   S imilar ly,  weathered coal  is  avai lable only near  coal  9 

mines.   In  contras t ,  ES is  an industr ial  waste that  i s  widely avai lable 10 

and continual ly produced.   It  thus  has  the potent ial  to  become an 11 

environmental ly sustainable source of  HS.   Excess  s ludge is  of ten 12 

chemical ly reduced  by solubi l izat ion.   Previously,  we compared the 13 

character is t ics  of  solubi l ized excess  s ludge (SS) obtained by using 14 

alkal izat ion,  microwave i rradiat ion,  boil ing,  and the bead-mil l  15 

technique,  i s  higher  than that  of  raw excess  s ludge,  or  of  s ludge 16 

solubi l ized by other  techniques .1 5   We found that  the dissolved total  17 

organic carbon (TOC) content  of  SS,  part icular ly s ludge solubil ized by 18 

the bead-mil l  technique,  i s  higher  than that  of  raw excess  s ludge,  or  of  19 

s ludge solubi l ized by other  techniques .   HS const i tute an important  20 

reservoir  of  organic carbon in  aquat ic  and terres t r ial  environmental  21 

compartments  and account  for  as  much as  50% of the dissolved organic 22 

carbon in  surface  waters . 1 6   11% to 66% of TOC was HS in 23 
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groundwater. 1 7   It  i s  expected the TOC-rich fract ion of  SS contains 1 

high concentrat ion of  HS.   Therefore,  solubi l ization using the  2 

beads-mil l  technique is  an effect ive  means for  their  ex tract ion.   3 

Compared with the applicat ion of  raw sewage s ludge,  the applicat ion of  4 

extracted and puri f ied HS to agricul tural  f ields is  l ikely to  resul t  in 5 

fewer adverse effect s  on the environment such as  the addi t ion of  heavy 6 

metals .  7 

Previously,  the inhibitory effect  o f  FA extracted from ES or  SS on 8 

type Ι al lergy using rat  basophil ic  leukemia cel ls  was invest igated.1 8 , 1 9   9 

In  this  s tudy,  s t ructure of  the HA obtained by solubi l izat ion (SS-HA) 10 

was compared with the s t ructure of  HA from non-solubi l ized excess  11 

(ES-HA) with elemental  analysis ,  Four ier  t ransform infrared (FT- IR) 12 

spectroscopy and  1 H-nuclear  magnet ic  resonance  (1 H-NMR) 13 

spectroscopy.   As case s tudy for  ut i l iza tion of  SS-HA, the appl icat ion 14 

effect  of  SS-HA on the sal ine-alkal i  soi l  was investigated with modeled 15 

column experiment .  16 

 17 

Materials  and methods 18 

 19 

Collect ion of  s ludge samples  and solubi l izat ion condit ions  20 

 21 

The ES used as a  source for  extract ion of  HA and FA in this research 22 

was col lected f rom the return l ine of  an aerat ion tank at  a  wastewater  23 



6 
 

t reatment  plant  in  Gunma,  Japan.   The mixed l iquor suspended sol id  1 

(MLSS) concentrat ion of  the s ludge was  4200 mg/l .   A tota l  of  8  l i ters  2 

of ES was divided into two 4 l i ters  samples .   One of  these was  3 

solubi l ized to  veri fy improved HS extract ion eff iciency af ter  4 

solubi l izat ion,  and  HS were  ex tracted from the other  sample without 5 

solubi l izat ion.   6 

A rotary drum cyl indrical  bead mil l  was used for  solubil izat ion of 7 

ES.  The cyl indrical  container  (139.8 mm × 400.0 mm) (Fig.  1)  had  8 

four  mixing blades ,  each 2 cm high,  on the inside wal l  of  the  container.   9 

The condi t ions  under which solubi l izat ion was car r ied out  were  as  in  10 

the previous s tudy of  Motojima et  a l . . 1 5   The procedure for  the 11 

features  analysis  of  solubi l ized s ludge was described in  our  previous 12 

s tudy.1 8   13 

  14 

Extract ion of  humic  acid 15 

 16 

To invest igate the improvement  of  ex tract ion rate  and changes to  the 17 

s t ructure of  HA after  solubil izat ion,  i t  was extracted  from unsolubi l ized 18 

ES as  a  control .   Extract ion and isolat ion procedures  were carr ied out  19 

fol lowing the protocol  of  the Internat ional  Humic Substances  Society.    20 

 21 

Analyses  of  ex tracted humic acids  22 

 23 
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The st ructural  features  of  ES-HA and SS-HA were character ized by 1 

using an elemental  analysis ,  Fourier  t ransform infrared spectroscopy 2 

and 1 H-nuclear  magnet ic  resonance spectroscopy.   The procedure for  3 

the st ructural  features  analysis  of  SS-HA was described in  the previous 4 

report . 1 8   Carboxyl  group content  of  ES-HA and SS-HA was  5 

determined by the calcium acetate method of  Ikeya et  al . . 2 0   Dried 6 

ES-HA and SS-HA were placed in  50 ml  of  0 .5  M aqueous calcium 7 

acetate solut ion.   After  mix ing for  16 h,  f i l t rate  was t reated with 0.1 M 8 

NaOH, with phenolphthalein used as  an  indicator .   The carboxyl  group 9 

content  of  HA was calculated by subt ract ing f rom the result  of  the 10 

blank test .   Measurement  of  cat ion exchange capaci ty (CEC) was by 11 

barium acetate saturat ion according to  the standard method of  the 12 

National  Inst i tute for  Agro-Environmental  Science Japan.2 1    13 

 14 

Model ing of  sal ine-alkal i  soi l  15 

 16 

An art i f icial  sal ine-alkal i  soi l  was prepared by adding a sal ine solution 17 

to  sandy material .   The sal ine solut ion was a mixture of  NaCl ,  KCl,  18 

Ca(OH)2 ,  MgSO4 ·7H2 O, (NH4 )2 SO4 ,  and KH2PO4 ·2H2 O.  The sandy 19 

material  was a mixture of  coarse sand (0.2–2.0 mm),  f ine sand 20 

(0 .02–0.2 mm) and clay (<0.002 mm) in rat ios  of 85.5,  13.5,  and 1.0 21 

wt %, respect ively,  to  form a tex ture s imilar  to  that  of  Sahara desert  22 

soil  s tudied by Yazawa et  al . . 2 2   The part icle  s ize dist r ibution of  the 23 
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model  soi l  was determined according to  Japanese Industr ial  Standard  1 

(J IS)  A 1204 which is  an internat ionally recognized s tandard.   The pH 2 

and electr ical  conduct ivi ty (EC) of  the model  soi l  were adjusted by 3 

addi t ion of  sal ine solut ion to  8 .8  and 3.7 mS/cm, respect ively.   The pH 4 

of the model  soil  was measured in  suspension (soi l :pure water  = 1:2.5)  5 

with a UC-23 pH meter  (Central  Kagaku Co.)  according to  the glass 6 

electrode method of  the Japanese Geotechnical  Society (JGS 7 

0211-2000),  and EC of  the soi l  solut ion (soil :pure water  = 1:5)  with a  8 

YK-22CT EC meter  (Sato-Shoj i  Co.)  fol lowing the EC electrode method 9 

(JGS 0212-2000).   The physical  and chemical  propert ies of  the model 10 

soil  are provided in  Table 1 .    11 

 12 

Batch tes t ing  13 

 14 

The pH buffering ab il i ty and pH of the model soil  af ter  applicat ion of 15 

SS-HA were measured by a  batch  tes t  before  the soil -column 16 

experiment  (described in  the next  sect ion) .   The init ial  pH buffering 17 

capaci ty of  SS-HA was determined by the  amount  (moles)  of  s t rong acid  18 

or base needed to  produce a uni t  change of  pH in the model  soil .   HCl 19 

and NaOH solut ions  of  the required concentrat ions  (0.5,  1 .0 ,  2 .0 ,  5 .0 ,  20 

8.0,  and 10.0 cmol/kg) were prepared;  pure water  was used for  the 21 

neutral  point .   Freeze-dried SS-HA (0.05,  0 .1 ,  and 0.5% of the weight  22 

of the base  or  acid solut ion)  was added to  the model  soi l  in  NaOH and 23 
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HCl solut ion.  After  shaking for  24 h,  the pH of  soi l  solut ion was 1 

measured.   The pH change of  the model  soi l  in  response to  SS-HA 2 

appl icat ion was measured as  fol lows.   A 1000 mg/l  solut ion of  SS-HA 3 

was prepared and added to  the model  soil  (0 ,  0 .005,  0 .05,  and 0.5% of 4 

the dry weight  of  the soil ) .   The mixtures  of  soi l  and SS-HA were 5 

al lowed to  s tand for  three days,  af ter  which they were dried a t  40 °C for  6 

24 h.   Each dried soil  sample was then  shaken in  pure water  for  2  h  7 

(soil :pure water  = 1 :2.5 for  pH,  soi l :pure water  = 1:5 for  EC),  and pH 8 

and EC were measured af ter  f i l ter ing through a 1-μm  paper  f i l ter.        9 

 10 

Soil -column experiment  and parameters  measured  11 

 12 

To investigate the  amel iorat ive effec t  of  appl icat ion of  SS-HA to 13 

sal ine-alkal i  soi l ,  a  soil -column experiment was performed at  Tsukuba 14 

Univers i ty over  157 days f rom 30 March to  26 August  2009.   The 15 

experiment  was performed in  a  cyl indrical  column of  5.0  cm diameter.   16 

Two soi l  sampling shoes  (steel  columns; diameter  5 .5  cm,  length 5.0 17 

cm) were connected to  the top of  a  plas t ic  column ( length 31.0 cm) (Fig.  18 

2).   To minimize soil  movement ,  the bot tom of the column was covered  19 

with glass  wool .   Experiments  were performed for  three cases:    20 

1.  Control  1:  Sal ine-alkal i  soi l  only 21 

2. Control  2:  Sal ine-alkal i  soi l  + 2 wt % peat  in  the top 10 cm of  the 22 

column 23 
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3. Experimental  t reatment :  Sal ine-alkal i  soil  + 2 wt % peat  + 1 wt % 1 

SS-HA in the top 10 cm of  the column.  2 

For the second and  thi rd cases ,  f reeze-dried SS-HA was re-dissolved 3 

and evenly mixed into the sal ine-alkali  soi l  with pure water .   We 4 

assumed that  the l iquid in  the water–SS-HA mixture would have  5 

immediately permeated through the top soil  layer  i f  the SS-HA had been  6 

appl ied direct ly to  the soi l  surface.   Peat  was also added in  the second 7 

and thi rd cases  in  order  to  retain  the SS-HA in the top 10 cm of  the soil  8 

column.  Each of  the three cases  was  repl icated three t imes.   Peat  9 

contains  HA, so the second t reatment  was undertaken as  a  control  to 10 

clearly ident i fy the effect  of  SS-HA.  The propert ies  of  the peat  used 11 

are provided in  Table 2 .   The surface of  the column was l i t  wi th a  lamp 12 

(57 W) for  8  h  each day to  accelerate evaporat ion during the experiment .   13 

After  21 days,  pure water  was poured into the apparatus  to  cause 14 

leaching.   The upper surface of  the soil  column was then dried unt i l  15 

day 90,  and then held at  room temperature unt i l  day 157.    16 

Holes  at  10-cm intervals  along the length of the soil  column were used 17 

to  obtain samples  for  measurement  of  the variat ions  of  pH and EC with 18 

depth (Fig.2) .   On days 1,  14,  21,  and 157,  pH and EC were measured 19 

using a di rect -reading electrode soi l  pH Tester  30 20 

(Takemuradenkiseisakusho Co.)  and a soi l  EC meter  HI98331-S 21 

(Takemuradenkiseisakusho Co.) ,  respectively.   These direct  methods 22 

were used so that  the soi l  layer  in  the  co lumn would not  be  d isturbed by 23 
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repeated col lect ion of  soil  samples  for  pH and EC measurements .    1 

To measure the  exchangeable cat ion concentrat ion (Na+,  K+,  Mg2 + , 2 

and Ca2 +)  of  the soi l ,  1 .5-g soi l  samples  were col lected from the holes 3 

in  the s ide of  the  column (depths  of  0 ,  10,  20,  and 30  cm)  on day 90,  4 

air-dried and passed through a 2-mm sieve and preserved for  analysis .   5 

A 1-g subsample was ex tracted from the  ai r-dried soi l  and shaken for  2  6 

h in  10 ml  of  0 .5  M BaCl2 ,  as  described by the method of  Kamewada et  7 

al . . 2 3   Exchangeable cat ion concentrat ions  were determined by ion 8 

chromatograph DX-100 (DIONEX) after  passing samples  through a  9 

0.45-μm fi l ter  paper .   10 

 11 

Stat is t ical  analysis  12 

 13 

The Student’s  t - tes t  was used for  compar ison between two groups.   To 14 

compare three groups,  s tat is t ical  s ignif icance (P < 0.05) was evaluated  15 

by one-way ANOVA, and i f  a  s ignif icant  di fference was found,  group 16 

means were compared using Boneferroni ’s  post  hoc tes t .  17 

   18 

Results  19 

 20 

Extract ion rate  of  humic acid   21 

 22 

A comparison of  the main propert ies  of the ES and SS which are  23 
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resource of  HAs are shown in Table 3 .   The resul ts  of  our  MLSS 1 

measurement  and  water-qual i ty analysis  show the typical  2 

character is t ics  of  SS.   The MLSS of  SS was lower than that  of  ES and 3 

the soluble fract ion was higher  (measured as  TOC, TN, and carboxyl ic  4 

acid) .   The HA extract ion eff iciency was enhanced by an increase of  5 

the soluble fract ion  in response to  solubil izat ion (Table 4) .   The HA 6 

recovery rates  of  ES and SS were 3.7% and 9.1% respectively.   As  7 

reference,  p reviously reported HA and FA extract ion rates  from 8 

Canadian Sphagnum  peat  (CP),  from weathered coals  of  China,  and  9 

from soils  are presented.2 4 , 2 5   The ex tract ion rate  obtained for  SS-HA 10 

approaches that  of  CP-HA.   11 

 12 

Character izat ions  of  ES-HA and SS-HA 13 

 14 

Knowledge of  the  elemental  composi t ion of  HS al lows evaluation of  the 15 

role of  those elements  in  building macromolecules  of  humus and  16 

analysis  ( in  s imple terms) of  the inf luence of  the origin of  humus on i ts  17 

composi t ion and s t ructure.   The elemental  composit ions  of  ES-HA and 18 

SS-HA were s imilar  and showed higher  H and N contents  than other  HA 19 

materials  such as  CP-HA (Table 5) .  20 

FT-IR spectra can be used to  ident i fy the presence of  most  of  the 21 

important  funct ional  groups in  HS,  to  compare HS of  di fferent  or igins ,  22 

and to  est imate the concentrat ions  of  funct ional  groups in  HS,  and are 23 
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thus  important  for  the development  of  st ructural  models .   The IR 1 

spectra of  HS from ES and SS are shown in Fig.  3  wi th that  of  CP shown 2 

for  comparison.   These IR spectra were identi f ied based on the s tudy 3 

by Stevenson and Goh.2 6   The broad band at  3400–3200 cm- 1  is  4 

at t r ibuted to  intermolecular  OH st retching of  carboxyl ic  and alcohol ic 5 

groups in  di fferent  elect rostat ic  environments ,2 7  and the band at  6 

2920–2850cm- 1  ref lects  al iphat ic  C–H st retching vibrat ion,  indicat ing 7 

the presence of  methyl  and methylene groups.   The shoulder  at  1720 8 

cm- 1 ,  which is  commonly at t r ibuted to  C=O st retching vibrat ion of 9 

COOH groups.   The band near  1620 cm- 1  is  at t r ibuted to  st ructural  10 

vibrat ion of  aromat ic C=C, H-bonded C=O of quinones,  or  H-bonded 11 

and conjugated ketones .   The lack of  absorpt ion near  1540 cm- 1  is  12 

at t r ibuted to  amide  groups in  the pept ide l inkages of  pro tein.   The 13 

absorpt ion band at  1400 cm- 1  ref lects  C–H deformat ion of  CH3  and CH2 14 

groups.   The broad adsorption band near  1230–1220cm- 1  represents  15 

C–O stretching and OH deformat ion of  carboxyl ic  acids ,  alcohols ,  and 16 

esters .   Comparing the spectra of  our  samples  to  that  of  CP-HA, we 17 

found some differences  in  the component  rat ios  of  funct ional  groups:  18 

the absorpt ion at  2920 cm- 1  was relat ively s t ronger in  ES-HA and 19 

SS-HA.  ES-HA and SS-HA showed s t ronger al iphat ic  character is t ics  20 

due to  the different  intensi t ies  of  ox idat ion and humificat ion processes  21 

they had undergone.   Absorption near  1540 cm- 1  is  at t r ibuted to  amide 22 

groups in  the pept ide l inkages of  protein.   The spectra of  ES-HA and 23 
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SS-HA show absorpt ion of  COOH at  1230 cm- 1 .    1 

NMR techniques  provide an eff icient  tool  to  determine the 2 

propert ies  of  humus .   The 1 H-NMR spectra of  HA and FA f rom ES and 3 

SS are shown in Fig.  4 .   They showed peaks in  the region 7.0–8.1 ppm 4 

(aromat ic H,  including quinine phenol) ,  s t ronger peaks at  3 .3–4.6 ppm 5 

(carbohydrate  H),  and weaker peaks  in  the region 0.8–3.3 ppm 6 

(methylene and aromatic CH2 ,  CH3 ).   For  a  more effect ive comparison, 7 

the proton chemical  shif t  has  been quanti tat ively class i f ied into four  8 

regions ( I to  IV) represent ing protons in  di fferent  chemical  9 

environments  (Table 6)  .2 8 , 2 9   The st ructure of  SS-HA was shown to be 10 

s imilar  to  that  of  ES-HA.  The resul ts  of  1 H-NMR are cons istent  wi th 11 

the resul ts  obtained from elemental  analyses  and FT-IR.    12 

 13 

Batch experiment   14 

 15 

Before the soil -column experiment,  the pH buffering abi l i ty of  SS-HA 16 

was confi rmed by batch tes t .   SS-HA showed pH buffering abi l i ty in  17 

an alkal ine environment  (Fig.  5) ,  which suggested that  applicat ion of  18 

SS-HA would lower the pH of  the  sal ine-alkal i  soi l .   This  was 19 

confi rmed,  as  the  pH of  the  sal ine-alkali  soi l  decreased as  the amount 20 

of SS-HA appl ied increased (Fig.  6) .   On the other  hand,  the EC 21 

increased rapidly as  the pH of  the sal ine-alkal i  soi l  decreased.    22 

 23 
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Effect  of  humic substances  on pH and EC in soil -column experiment  1 

 2 

The high pH of  a lkali  soi l  causes  phosphate and metal  ions  to 3 

precipi tate  and thus  lowers  their  avai labil i ty,  causing a ser ious 4 

imbalance in  the supply of  mineral  nutr ient  ions  in  the root  zone.   This 5 

may destroy the s t ructure of  roots ,  reducing their  act ivi ty,  and f inally 6 

causing a  reduct ion or  total  loss  of  root  funct ion.   Moreover,  high pH 7 

reduces  the  number of  protons outs ide the roots ,  which impedes 8 

establ ishment  of  a  t ransmembrane proton gradient . 3 0   Because more 9 

than half  of  the total  root  length of  maize is  wi thin 20 cm of  the soi l  10 

surface,  and the maximum root  densit ies  of  peanut  are wi thin the top 30 11 

cm soi l  depth,3 1  and the column length  in  the soi l -column experiment 12 

was selected to  be 31 cm. 13 

The effect  of  SS-HA on the pH of the soi l  profi le  during the 14 

soil -column experiments are shown in Fig.  7 .   For  the cases  where 15 

peat+SS-HA and peat  alone (control  2)  were added to  the sal ine-alkal i  16 

soil ,  the pH in the top 10 cm of  the column was lower than that  of 17 

control  1  on days 1  and 14,  and  that  for  peat+SS-HA was  lower than 18 

that  for  peat  alone.   After  leaching on  day 21,  the pH profi le  of  the  19 

column in which peat+SS-HA had been added was almost  ident ical  to 20 

that  of  control  2  (peat  alone) ,  and remained so unt i l  day 157 .    21 

High sal t  levels ,  which are indicated by high EC,  can reduce 22 

water  uptake by plants,  res t r ict  root growth, cause marginal  burning of  23 
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fol iage,  inhibit  f lowering,  l imit  seed germinat ion, and reduce frui t  and 1 

vegetable yields . 3 2   The changes of  soi l  EC during the column 2 

experiments  are  shown in Fig.  8 .   Al though the  batch tes ts  showed that  3 

as  SS-HA concentrat ions  increased,  EC increased and pH decreased,  EC 4 

during the column experiment  showed no signif icant  di fference among 5 

the three experimental  cases .    6 

 7 

Effect  of  humic substances  on exchangeable cat ions  in  soil -column 8 

experiment  9 

 10 

CEC provides  a  measure of  the capaci ty of  a  soi l  for  exchange of 11 

cat ions  between soi ls  and soi l  solut ions  and gives  an indicat ion of  the 12 

amount and rat ios  of  avai lable plant  nutr ients in  soi l .   Base saturat ion, 13 

which is  the fract ion of exchangeable cat ions that  are base cat ions  (K+,  14 

NH4
+,  Ca2 + ,  Mg2 +) ,  i s  closely related to  CEC.  Therefore,  15 

exchangeable cat ion (NH4
+ ,  K+,  Ca2 +,  Mg2 + ,  and Na+)  concentrat ions  on 16 

day 90 of  the soi l -column experiments were conformed (Fig.  9) .   17 

Applicat ion of  peat+SS-HA showed s ignif icant ly greater  NH4
+ 18 

concentrat ions  at  the top and bot tom of the soi l  column than was the  19 

case for  peat  alone.   The K+  concentrat ion was also greater  in  the top 20 

layer  af ter  appl icat ion of  peat+SS-HA.  Applicat ion of  peat+SS-HA 21 

had a s ignif icant  affect  on Na+  and Ca2 + concentrat ions  at  the bot tom of 22 

the soi l  column.   There were no notable di fferences  of Mg2 +  23 
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concentrat ions  af ter  applicat ion of  peat  and peat+SS-HA.  Moreover,  1 

compared to  a  s ingle t reatment  of  peat ,  concentrat ions  of  t race element 2 

Fe3 +  were increased  by addi t ion of  peat+SS-HA.  Fe3 +  concentrat ion 3 

after  addi t ion of  peat  alone was 7.5 mmol/kg,  whereas  addi t ion of  peat  4 

+ SS-HA gave a Fe3 + concentrat ion of  9 .7  mmol/kg (data not  shown).     5 

 6 

Discussion 7 

 8 

ES solubi l izat ion techniques  have been  developed,  includingchemical  9 

processes  such as  ozone oxidation and alkal i  t reatment ,  physical  10 

processes  such  as  supercri t ical  water  ox idat ion and t reatment  wi th 11 

ult rasonic waves,  and aerobic b iotreatments  using specif ic  12 

microorganisms.3 3 , 3 4   From the avai lable solubi l izat ion techniques ,  we 13 

chose to  use a bead mill .   Previously,  we showed that  sludge 14 

solubi l ized by using a beads mil l  had a higher  TOC concentrat ion than 15 

s ludge solubi l ized by alkal izat ion,  microwaves,  or  boi l ing.1 5   16 

Moreover,  as  a  mechanical  t reatment ,  a  beads-mil l  provides  stable 17 

solubi l izat ion resul ts ,  and i ts  operat ion and maintenance is  s imple.    18 

The ex tract ion rate  of  HA from SS was higher  than  that  of  ES-HA 19 

(Table 4) .   The use of  solubil izat ion as  a  pret reatment  for  ex tract ion 20 

of HS increased the ex tract ion eff iciency for  HA.  The ex tract ion rate  21 

we achieved for  SS-HA approached that  of  CP-HA.   22 

HA can have a wide range of  molecular  weights  and s izes ,  23 

javascript:goWordLink(%22stable%22)�
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ranging from a  few hundred to  several  hundred thousand atomic mass 1 

units ,  depending on i ts  elemental  composi t ion,  s t ructure,  and the 2 

number and posi t ion of  funct ional  groups,  which differ  according to  the 3 

origin,  method of  extract ion,  and natural  condit ions  prevai l ing during 4 

the format ion of  the HA.3 5 , 3 6  The s imilar i t ies  among different  HAs,  5 

however,  are greater  than the differences .   The physicochemical  and 6 

biological  act ivi t ies  of  HA also differ  depending on the origin and 7 

method of  ex tract ion of  the HA.  For example,  HA extracted from peat  8 

and that  ex tracted from weathered coal  have different  phys iochemical  9 

effects  on r ice cul t ivated in  a  sal ine-alkal i  soi l .3 7  For this  reason,  we 10 

investigated the s t ructure of  HA extracted from ES after  solubil izat ion 11 

by using elementa l  analysis ,  FT-IR spectroscopy,  and 1 H-NMR 12 

spectroscopy,  and compared i t  to  the s t ructure of  HA extracted from ES 13 

without  solubil izat ion.  Then,  for  reference,  we compared the  14 

character is t ics  of  SS-HA and ES-HA with those of  CP-HA.  The resul ts  15 

of elemental  analysi s ,  FT-IR,  and 1 H-NMR showed that  the  ex tract ion 16 

eff iciency of  HA from ES was enhanced by solubi l izat ion,  al though 17 

solubi l izat ion had l i t t le  inf luence  on the  s t ructural  propert ies  of  the HA.   18 

The elemental  composit ions  of  ES-HA and SS-HA showed higher  H and 19 

N contents  than other  HA materials  such as  CP-HA.  The higher  H 20 

content  of  ES-HA and SS-HA was probably related to  the s t ronger 21 

al iphatic  character is t ics  of  these HAs (shown by the FT- IR resul ts) ,  and 22 

their  higher  N content  to  less  humificat ion.      23 
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HA can form various complexes  with metal  ions  and thus increase 1 

the CEC of soils .3 , 4   CEC is  the capaci ty of  a  soi l  to  exchange cat ions  2 

between the soi l  and  the soi l  solut ion,and i t  i s  used as  a measure of  the 3 

soil ’s  fer t i l i ty and  nutr ient  retent ion capaci ty.   Carboxylate and 4 

phenol ic  groups are  primari ly responsible for  the binding of  metals  5 

under most  natural  condi t ions .3 8   Our s t ructural  analysis  showed that  6 

SS-HA contains  a  number of  acid funct ional  groups such as  the  7 

carboxylate and  phenol ic  groups.   We measured carboxylate groups’ 8 

content and CEC of SS-HA for  conformation,  and those resul ts  were  9 

compared with that  of  previous research resul ts .3 9 , 4 0   It  became clear  10 

that  carboxyl  group ex is t  in  SS-HA, and they have cat ion exchange 11 

capaci ty,  al though those concentrat ions  were not  high compared to 12 

CP-HA (Table 7) .  13 

     Pr ior  to  column experiment ,  pH buffering abi l i ty of  SS-HA was  14 

confi rmed by batch tes t .   As shown in Fig.  5 ,  SS-HA had pH buffering 15 

abi l i ty on alkal i  area.   From this resul t ,  i t  was expected that  the pH of 16 

the sal ine-alkal i  soi l  decreased by SS-HA appl icat ion.   Then,  effects  17 

of SS-HA appl icat ion on the pH of  the saline-alkal i  soi l  were  confi rmed.   18 

As the resul ts ,  the pH of  the sal ine-alkal i  soi l  decreased  19 

dose-dependent ly by SS-HA appl icat ion (Fig.  6 ) .    20 

Our soi l -column experiment ,  we confi rmed the amel iorat ion 21 

effects  of  SS-HA (Fig.  7) .   The water  potential  gradient  is  affected by 22 

gravi tat ional  potent ial ,  capi l lary potent ial ,  and osmotic potential .  In  23 
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control  1  (soi l  alone) ,  the vapor phase gradual ly reached equi l ibr ium 1 

with the l iquid phase of  soi l  water .   While,  soil  addi t ives  peat+SS-HA 2 

reduced the pH of  the sal ine-alkal i  soi l ,  and the effect  of  addit ional  3 

SS-HA on the pH reduct ion was fas ter  or  immediate observed compared 4 

with control  2 (peat  alone) .   After  leaching (from 21 to 157 days) ,  the 5 

pH of the experimental  t reatment  was not di fferent  from that  of  control  6 

2.   Thus,  appl icat ion of  SS-HA to sal ine-alkal i  soil  enhanced the pH 7 

reduct ion achieved by the appl icat ion of  peat .   The more  immediate  8 

pH reduct ion achieved with SS-HA treatment  may improve crop  9 

germinat ion.   It  was considered that  the mechanism by which the 10 

sal ine-alkal i  soil  was amel iorated by addit ion of  SS-HA was as  fol lows.   11 

Carboxyl  groups in SS-HA released H+,  which neutral ized the OH– in  12 

the soil  solution,  thus  decreasing soi l  pH (Fig.  10A).   Negat ively 13 

charged carboxyl  groups adsorbed cat ions  from the soi l  solut ion,  14 

causing the EC of  the soil  solut ion to  decrease.   However,  the resul ts  15 

of the batch and soi l -column experiments  were unexpected.   16 

Kawakami et  al . 8  reported that  the EC of  sal ine-alkal i  soi ls  tends to  17 

increase in  response to  the appl icat ion of  peat .   They showed that  18 

calcium and magnesium ions,  which are poorly soluble in  alkaline 19 

solut ion, were released from the soi l  and dissolved under low pH 20 

condi t ions .   However,  appl icat ion of  peat+SS-HA in our  experiments  21 

produced a s ignif icant  increase in  exchangeable cat ions  in  the 22 

sal ine-alkal i  soil  by their  CEC (Fig.  9) .   An important  property of  23 
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cat ions  is  there at t ract ion to surfaces  carrying a negat ive charge,  upon 1 

which they adsorb s t rongly (Fig.  10B).     Compared with the resul ts  2 

for  addi t ion of  peat  alone,  the added SS-HA produced a s ignif icant  3 

increase in  NH4
+  concentrat ions  at  the top and bottom of the soil  4 

column.  This  occurred because the high-N component  of  SS-HA was 5 

broken down to form NH4
+.   The K+  concentrat ion also increased in the 6 

top layer  of  the column after  appl icat ion of  SS-HA.  NH 4
+ ,  K+,  and 7 

Ca2 +  are especial ly important  nutr ients  for  plant  growth.   There was no  8 

noticeable change in  the Mg2 + concentrat ion at  the top or  bot tom of the 9 

column after  appl icat ion of  ei ther  peat  alone or  peat+SS-HA.  10 

Applicat ion of  peat+SS-HA signif icant ly affected  the Ca2 +  11 

concentrat ion at  the bottom of the column.   Fe availabi l i ty in  12 

calcareous soi ls  i s  very low because of  the high soi l  pH of such soi ls ,  13 

which reduces  the solubi l i ty of  ferr ic  i ron.   Our resul ts  also show that  14 

appl icat ion of  SS-HA to the sal ine-alkal i  soi l  increased Fe content ,  15 

which is  a  t race element  for  plant  growth.     16 

 17 

Conclusion 18 

 19 

The appl icat ion of  SS-HA was clearly shown to have a benef icial  effect  20 

by improving the physicochemical  propert ies  of  the sal ine-alkal i  soil .   21 

The SS-HA reduced  the soi l  pH,  and increased the  concentrat ions  of  22 

exchangeable  cat ions  in  the soi l .   Natural ly,  higher  concentrat ion of 23 
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exchangeable base cat ions al low,  more acidity to  be neutral ized and in 1 

a shorter  t ime.   HS are abundant  in  peat ,  weathered coal ,  and other  2 

humified substances .   However,  exploitat ion of  wet lands as  a  source 3 

of peat  has  recently been severely res t r icted by the Ramsar 4 

Convent ion.4 1   By comparison,  ES is  industr ial  waste that  i s  widely 5 

and cont inual ly produced,  and thus  has  the potent ial  to  be an 6 

environmental ly sus tainable source of  HS.   We hope that  this  research  7 

will  contr ibute to  the growth of  the recycl ing society in  the future to  8 

minimize raw material  consumption and the amount  of  waste disposal  in  9 

the environment .   10 
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Figure legend 1 

 2 

Fig.  1 .   Laboratory equipment  used for  solubi l izat ion of  excess  s ludge 3 

 4 

Fig.  2 .   Apparatus  used for  the sal ine-a lkali  soi l -column experiment  5 

Soil  addi t ives  were  mixed in  the top 10-cm of the  soi l .  The surface of  6 

the column was exposed to  heat  f rom a 57-W lamp for  8  h  each day to  7 

promote evaporat ion.  8 

 9 

Fig.  3 .   FT-IR spectra of  humic acid ex tracted f rom non-solubi l ized 10 

excess  s ludge (ES-HA) and solubil ized excess  s ludge (SS-HA)   11 

CP-HA, humic acid ex tracted from Canadian sphagnum  peat   12 

 13 

Fig.  4 .   1 H-NMR spectra of  humic acid ex tracted from excess  s ludge 14 

without  solubi l izat ion (ES-HA) and  humic acid ex tracted from 15 

solubi l ized excess  s ludge (SS-HA)  16 

 17 

F ig .  5 .   pH buffer  curves  of  SS-HA obtained by batch tes ts  18 

The pH buffering capaci ty of  the model soi l  af ter  applicat ion of 19 

different  amounts  of  SS-HA was  determined by as  the  number of  moles  20 

of st rong acid or  base needed to produce a uni t  change of  pH of  the 21 

model  soi l .    22 

 23 
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Fig.  6 .   Effects  of  SS-HA on pH and EC in a sal ine-alkal i  soil  1 

determined by batch  tes ts  (3  days af ter  addit ion of  SS-HA)  2 

 3 

Fig.  7 .   Effects  of  humic substances  on pH of  the saline-a lkali  soil  in 4 

the column experiments   5 

(■)  Peat  (2  wt  %) added in the top 10-cm of soi l ;  (□ )  peat  (2  wt%) + 6 

SS-HA (1 wt  %) added in the top 10-cm of soil  (peat  2%/soi l  plus 7 

SS-HA 1%/peat) ;  (○) control  (without humic substances  added).   8 

Stat is t ical  s ignif icance (P  < 0 .05)  was evaluated by one-way ANOVA,  9 

and then,  group means that  were s ignif icant ly di fferent  were compared 10 

using Boneferroni’s post  hoc tes t .  *P < 0.05, peat  alone and 11 

peat+SS-HA versus  control  1;  **P  < 0 .01,  peat  alone and peat+SS-HA 12 

versus  control  1;  aSignif icant  di fference between SS-FA+peat  and peat  13 

alone (control  2) .  14 

 15 

Fig.  8 .   Effect  of  humic substances  on EC of  the sal ine-alkal i  soi l  in 16 

the column experiments   17 

(■)  Peat  (2  wt  %) added in  the top 10-cm of soi l ;  (□ )  peat  (2  wt  %) + 18 

SS-HA (1 wt %) added in  the 10-cm of soil ;  (○) cont rol  (wi thout humic 19 

substances  added).   S tat is t ical  s ignif icance (P  < 0 .05)  was evaluated 20 

by one-way ANOVA and then,  group means that  were s ignif icant ly 21 

different  compared using Bonefer roni’s  post  hoc tes t .   *P < 0.05,  peat  22 

alone and peat+SS-HA versus  control  1;  **P  < 0 .01,  peat  alone and 23 



31 
 

peat+SS-HA versus  control  1 .  1 

 2 

Fig.  9 .  Effects  of  humic substances  on exchangeable cat ion 3 

concentrat ions  on day 90 of  the column experiments    4 

P < 0.05,  peat+SS-HA versus  peat  alone.  5 

 6 

Fig.  10.   Mechanism of  amel iorat ion of  saline-alkal i  soil  by addi t ion 7 

of humic substances  ex tracted from solubil ized excess  s ludge 8 

(A) pH reduct ion.   (B) Increase of  exchangeable cat ion concentrat ion.    9 

10 
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