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ABSTRACT 

The presently availa ble technologie s  for the di sposal of hazardous 
wastes were examined to ident ify their li mitations and recommend research 
needed to support the development of new and improved method s .  

Thi s  report contains the premi ses and a ssumpt ions used t o  guide the 
d i re ct ion of the study;  nonte chni cal issue s ,  institut iona l in character 
and nationwide in  sc ope , that inf luence hazardous wa ste management ; 
details  of  various waste d isposal technologie s ;  and the overall findings 
of the committee pre sented as a series of conc lus ions and recommendat ions . 

Some general conc lusions and re commendations are: 

o No new maj or and cost -ef fec t ive technology exists  or i s  l ikely 
to be developed tha t could be a panacea to d ispose of all 
hazardous wastes . 

o Di sregard ing c ost , there exi sts some technology or combinat ion 
of technologie s  capable of dealing with every hazardous waste so 
as  to e liminate c oncern for future hazards . Theref ore , 
period ically updated evaluation ( includ ing e conomi es , 
availability , state of commerc ial d eve lopment ) of each hazardous 
waste d isposal technology is needed . 

o The disposal of hazard ous industrial wastes s hould be approached 
i n  a hiera rchical fashion , f irst  attempt ing to  minimize waste 
production through pro cess modificat ion and recycling , next 
see king to convert the waste to nonhazardous or les s  hazardous 
f orms , and f inally making use of perpetual storage . 

o Sat isfactory management of hazardous industrial waste s i s  
inhibited by nontechnical a s  well a s  technical factors . These 
include publi c attitude s and mi sconceptions and the lack of 
assurance of long-term reliability and consi stency in the 
management of  waste . 

o The f ederal government should encourage the f o rmat ion of  
centralized facil itie s for the treatment of hazardous indus tria l 
waste s .  

i i i  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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o Research on the ut ilizat ion of the treatment and as similative 
capacity of all phases of  the global enviro nment i s  jus t if ied . 

o The use of landf ills should be m inimized s ince cons ti tuent s  will 
ve ry likely migrate ove r  long period s ( >100 year s )  into 
groundwater.  

S pe cif ic conclusions and rec ommendations f or researc h and development 
are given for ind ividual waste d isposal te chnologie s .  

iv 
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PREFACE 

It is in the national interest to assure that all practical and 

economically feasible steps are taken to·apply existing technology and to 
develop new technology to minimize the generation of waste products, 
detoxify waste, recover resources, and dispose of waste safely. To 
accomplish this, it is necessary to get the best solutions from industry, 
government, and academia and to pool this information for the benefit of 
all. 

A study of the management of hazardous industrial wastes was 
contracted for with the National Academy of Sciences (NAS) under the 
joint sponsorship of the American Institute of Chemical Engineers 

(AIChE), represented by its Environmental Division, and the u . s .  
Environmental Protection Agency (EPA), Office of Research and 

Development. Since waste management is a common concern of the 
industrial and federal communities, it is appropriate that this study was 
funded equally by EPA and the AIChE representing a number of companies. 

The project was conducted by 
Materials Advisory Board (NMAB). 
chemical engineering operations, 
incineration, and biological and 

a committee organized by the National 
The committee members have expertise 

chemistry, geology, waste management, 
land treatment of wastes. 

in 

In Chapter 1 of this report the committee presents the premises and 
assumptions used to guide the direction of its study, and its overall 
findings are brought together in Chapter 2 .  Nontechnical issues, 

institutional in character and national in scope, that influence wast e 
management are identified in Chapter 3. The various technologies related 
to waste management and disposal methods are discussed in detail in 
Chapter 4. Because of time and monetary restraints, the committee could 
not cover all aspects of the waste management problem. Therefore, the 
focus of the study was on the major areas. 

I would like to extend my appreciation to the committee members and 
liaison representatives for their efforts in this study and to Stanley M.  
Barkin for staff support. The following individuals are offered thanks 
for technical presentations and contributions made during the course of 
the project: William Askins, Dennis Caputo, Fred M. Charles, Wayne 
Harrington, and James K. Petros, representatives of the Chemical 
Manufacturers Association (CMA); William Cawley and Norbert B. Schomaker 
of the EPA's Cincinnati Office; Peter Lovgren of Chemcontrol; 
R. Mahalingam of Washington State University; George Pierce of Battelle 
Columbus Laboratories; Philip T. Schaefer of Zimpro, Inc.; James Wallace 
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of Law Engineering Test ing Company ; Donald Warner of the University of 
Mi ssouri at Rolla; Gi lbert Janauer of t he State Unive rs ity of New York at 
Binghamton; R.  Nagarajan of the Pennsylvania State Univers i t y ;  and Amos 
J. Shaler o f  State Col lege , Pe nnsylvania .  

Lee c. Eagle ton , Chairman 

vi 

Copyright © National Academy of Sciences. All rights reserved.

Management of Hazardous Industrial Wastes:  Research and Development Needs
http://www.nap.edu/catalog.php?record_id=19439

http://www.nap.edu/catalog.php?record_id=19439


COMMITTEE ON DIS POSAL OF HAZARDOUS I NDUSTRIAL WASTES 

Cha i rman 

�EE c. E AGLETON , De partment of Chemi cal Engineer ing, Pe nnsylvania S tate 
Universi ty ,  Univers i ty Park 

Member s 

ERNES T E . ANGINO , Department of Geology , Unive rsity of Kansa s ,  Lawre nce 

PHI LI P R. BELTZ, Battelle Columbus Laboratories , Col umbus 

JOHN H .  C RADDOCK , Monsant o Company , S t .  Loui s ,  Missouri 

H. GRANVILLE HAI GHT, JR. ,  E. I .  d uPont d eNemours and Com pany , 
Wi lmi ngton ,  Delaware 

RAYMOND c .  LOEHR, Department s of Chem ical Eng ineeri ng, Agri cultural 
E ngineering and Civil Enginee ri ng, Cornell Univers i ty , Ithaca ,  New 
York 

RI CHARD N .  McDON AL D, Depar tment of Chemi st ry , Kansas S tate Un iver s ity , 
Man ha ttan 

PAUL c. MI LNER ,  Be ll La boratori es , Murray Hi ll , New Je rsey 

MIC HAEL R. OVE RCASH , Department of Chemica l Engineering and De partment of 
Biologi cal and Agri cultural Engineeri ng, Nor th Carolina S t a te 
University , Raleigh 

Li ai son Re pre sentat ives 

JOE L HIR SCHHORN, Co ngre ss of the United S tates , Off ice of Technology 
Asses sment , Was hi ng ton , D . c. 

MICHAEL I TALI ANO , Of f i ce of  Sci ence and Techno logy Po li cy ,  Wa shi ng ton , 
D . c. 

ROBER T H .  MARSH ALL , Ameri can Inst itut e o f Chemi cal Engineer s ,  Houst on , 
Te xas 

S UE LLEN PIRAGES , Co ngre ss of the United States , Off i ce of  Te chnology 
Asses sment , Washi ngton , D . c. 

vi i 

Copyright © National Academy of Sciences. All rights reserved.

Management of Hazardous Industrial Wastes:  Research and Development Needs
http://www.nap.edu/catalog.php?record_id=19439

http://www.nap.edu/catalog.php?record_id=19439


Lia ison Representat ives (continued)  

G LENN L.  SHIRA , Of f ice of Re search and Development, u.s. Environmen tal 
Pro tec tion Agenc y ,  Washing ton , D . c. 

BEN JEN S UN, u.s. Geological Surve y ,  Wa ter Re sources Di v ision ,  
Res to n ,  Virgini a  

A.  S UMNER WEST , (Amer ican Ins ti tute o f  Chemical Eng ineers ) Rohm and Haas , 
Phi ladelphia , Pennsylvania 

HARVEY Y AKO WITZ , u.s. Departmen t of Commerce , Na tional Bureau of 
S tandard s , Washing ton , D . c. 

OS KAR R .  ZA BORSKY , Na tional Sc ience Founda tion, Washing ton, D . C 

NMAB S taf f 

S TANLEY M .  BARKIN , S taff Scient i s t  

v iii 

Copyright © National Academy of Sciences. All rights reserved.

Management of Hazardous Industrial Wastes:  Research and Development Needs
http://www.nap.edu/catalog.php?record_id=19439

http://www.nap.edu/catalog.php?record_id=19439


INTRODUCTION 

Ha zardous i ndustrial wast e s ,  a s  def ined by t he Re sourc e Conservat ion 
and Recove ry Ac t  ( RCRA) of  19 7 6  ( Public Law 94-580) , cons i s t of 
igni table , corrosive , react ive , or t oxic ma terial s .  Th ese hazardous 
was te s  acc oun t for 10 to 15 percent of  all  i ndus trial was te s  or abou t 3 5  
t o  4 0  mi llio n me tric tons per y ear , a quanti ty t hat i s  growing abou t 3 
percen t pe r year ( Haugh 197 9 ) . The s tudy t hat re sulted in thi s repo r t  
re pre sent s recog ni tion b y  the s tudy ' s sponsors--The American Institute o f  
Chemical Engineers ( AIChE) and the Environme ntal Protec tio n Agency 
( EPA)-- that be t ter a nd more e nvironmentally sound t reatment and d i sposal 
op tions must be available for the se hazardous indus trial was te s .  
S pec if ically , the sponsors requested t ha t  present ly available wa ste 
di sposal technologies be examined t o  identify their limi t a tions and tha t  
re search needed to support the developme nt o f  new and improved methods be 
recommended . Emphasis  was to be o n  new technologie s for managing 
hazard ous was tes , bu t exi s ting technolog ies were to be conside red where 
specif ic need s have been identified . 

Ha zardous industrial was tes can be considered to be all the 
by-produc ts of an indus trial faci li ty that hav e no apparen t use or value 
a nd  tha t  c a n  pos e a n  unacceptable r i sk to people a nd t he envi ro nment if 
di scarded careles sly . The commi ttee conduc ting t hi s  study , however ,  
believed tha t  thi s def init ion was too broad a nd c hose to l imit the type 
of was te s  to be cons idered . The commi ttee res tricted i ts considera tions 
t o  hazardous solid and liquid was tes g e nera ted by industry during the 
processi ng and synthe sizing of material s ,  omi tti ng hazardous waste 
ma terials covered under t he Cl ean Air Ac t  and t he Cl ea n Water Ac t  and 
mine tailings and drai nage , s tack eff lue nts , slag and ash,  nuclear 
was tes , hospi tal wa s tes , municipal refuse a nd sewage , agricultural 
waste s ,  was te s  a t  abandoned was te dump s ,  a nd improperly stockpi led 
material . In Figure 1 ,  the gene ral rela tionship among pollution con trol 
ac tivities for indus try is depic ted . The shaded por tion repre sents 
technologie s or processes u sed by i ndust ry f o r  manufacturi ng or for 
wastewater treatme nt tha t can inf lue nce hazardous waste  management. 
Usually this inf luence occurs by process modif ication , resul ting i n  solid 
or liquid hazardous was tes  that  are le s s  in vo lume or  degree of  hazard . 
The commit tee provided examples o f  t echnologies that reduce vo lume or 
degree of hazard bu t did not addres s thi s  area in  detai l because of  the 
propri etary or h ighly spec ific character of  t hese process mod if icat ions .  
S tarting wit h  a mate rial tha t  was ge nera ted and defined a s  a hazardous 
waste , t he c ommit tee exami ned specific technologies f or treatment ,  
co nversion,  or pe rpetual storage as  the primary focus of hazardous was te 
manageme nt . 
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T he commit tee ' s d i scus sions of hazardous industrial waste problems 
and solu tions were supp lemented by pre sent a tions from academic ,  
g overnment , and industry expert s i nvolved i n  areas o f  hazardous 
indust rial waste management and d i spo sa l .  On t he basis  o f  these 
d iscus sions and presentatio ns ,  t he c ommit tee se t t he object ives and 
developed premi se s and assumptions t hat provided direc tion for thi s  
re port . 

The commit tee conc luded early on t hat  public percept ion , 
sociopo l i tical force s , and ot her non-technical factors are substantial 
inf luences on t he nat ionwide management of  hazardous wastes.  Thi s  
linkage of tec hnical and non-technical i s sue s was subs equently d eve loped 
i n  t hi s  report by a descrip t i on by t he committee ( a s  a body of informed 
c i ti zens in these non -technical area s )  of t he i s sue s related to public 
percept ion and by a substan tial descript ion i n  t hi s  introduc t ion of t he 
assumptions , clarif ication of  issue s no t elaborated , and t he framework 
f or organi zing t he spec if ic technologies that were considered . 
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The commi ttee recog nized that a ny classification sys tem for was tes , 
no ma tter how des irable , i s  artif ic ial a nd designed to por tray or explai n 
a specif ic purpose . Such a s imple classif icatio n sys tem would not be 
capable of  represe nting or even lis ting the to tal spec trum of kno wn 
haza rdous was tes , trea tme nt and d isposal tec hnologies ,  and o ther 
chemical , physical , hazard- and cos t-rela ted parameter s . I ns tead , the 
commit tee c onsidered the was tes men tioned o n  page 1 a nd  then def ined 
broad-ba sed technolog ie s tha t might be appropriate for thei r  trea tmen t 
a nd  d isposal . Duri ng the commi ttee ' s  study , several was te c lassific at ion 
s cheme s were revie wed ;  vi z . , process  s tream ca tegories i n  RCRA , ri sk 
a sse s sment a nd  degree of hazard c lassificat ions bei ng deve loped by t he 
Off ice of Tec hnology Assessme nt (1981), techno logy a nd chemical propert y 
matri ce s  u nder study by the C hemical Ma nufacturers As soc iation . These 
scheme s were designed to se rve a spec ific purpose a nd solve particular 
pro blems f or the authors such as e nf orceme nt of and compl iance with 
regula ti o ns ,  priori ti za tion of was tes  for disposal , research and 
d eve lopment f unding , and u tilizat ion of cap i tal a nd equipme nt resources . 

The specific premise s a nd ass ump tions e s tabli shed by the commi ttee 
a re  d iscussed i n  the following sec t ions . Al though each se t of premise s  
a nd as sumpt ions i s  d i scus s ed separately , some ove rlap was unavoidable . 

PU BLIC PERCEPTION 

The segmen t of t he  public mos t c o ncerned wi th hazardous i ndust rial 
waste problems a nd solu tions cons i s t s  of those individuals who are or are 
l ike ly t o  be direc tly affec ted by the problems and solu tio ns .  Th is  g roup 
i nclude s ind ividual s who live ad jace nt to an i ndus trial fac i l i ty or 
d isposal s it e ,  i nd ividuals who live downwi nd or downs tre am of a fac i li ty 
or s i te a nd may be af fec ted by d i scha rges from the fac i l i ty or  s i te ,  
c ommunity leaders ,  a nd individuals who may benef i t  f rom the indust ry 
producing the wastes or the avai labi l i ty of t he hazardous was te dispo sal 
s ite . 

No s ing le tec hnique or met hod pre sent ly avai lable or expected i n  t he 
near future i s  a panacea for hazardous indus trial was te manageme nt 
pro blems . Thus , a vari ety of met hods a nd op ti o ns must be used to  ma nage 
these was tes in a n  e nvironmentally sound ma nner . T he publ ic , howeve r ,  
appears not to appreciate the necessity f or mul tiple approache s and 
co ntinues to seek a single , s imple solutio n. U nfortunat ely no suc h 
s ingle s olutio n exist s .  I n  add i tion,  t he  public ' s  lack of unders ta nd ing 
of the i ssue s  make s  i t  impossible to d i s tinguish among clearly superior 
and i nferi or s olut io ns to hazardous was t e  manageme nt p roblems . This 
lack of  understanding abou t h ow hazardous was te s  are genera ted and 
managed can have a numbe r of adve rse effec ts : S tif l i ng  of innova tio n, 
seeki ng of s impli s tic solu tions , s tockpiling of hazardous waste s ,  
i ntervening by governme nt , uti lizing " quick f ixes "  (disposal by t he  most  
expedient available technology ) and illegal me thods .  
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The commi ttee believes th at overcoming this  lack o f  unde rs tanding i s  
an impor tant h azardous was te managemen t  need . Al though thi s  i ssue was 
outside the scope of  the c ommi ttee ' s s tud y ,  the commit tee emphasizes tha t 
the succes s  o f  any technical , scientif ic , or research solu tions i t  
re commend s i s  contingent on a change i n  thi s  s ociological s i tuat ion . 
During i t s  delibera tions , the commi ttee assumed tha t  progres s  will  be 
made and that the public wi ll develop a more rational view of  hazardous 
waste management. 

G ENERAL SOLUTIONS 

A varie ty of approaches to the management of ha zardous indus trial 
wastes are ou tlined i n  Subti t le C of the 19 7 6  Re source Conserva tion and 
Re covery  Ac t  ( RCRA) . These technique s as well as several o ther important 
method s for h azardous indus trial waste managemen t were considered by th e 
commi ttee ( Figure 2 ) . There are basically three gene ral op tions : 
elimina tion or reuse of the hazardous was te ,  conversion of  the h azardous 
was te into nonhazardous or less hazardous ma terial , and perp e tual 
s torage . These general op tions d iffer subs tan tial l y  in terms of 
phi losoph y ,  time-f rame , technique , and economics .  At pre sent, perpetual 
s torage me thods are the mos t  prevalent and , hence , are the focus of  
a t tention f or bo th regula tory and industrial personne l .  

IN-PLANT OPTIONS 

PROCESS RECYCLE 8 
MANIPULATION REUSE 

. .  

� , 
CONVERSION OF HAZARDOUS TO LESS HAZARDOUS OR NON-HAZARDOUS 

LAND 
INCINERATION 

THERMAL CHEMICAL, OCEAN 8 

TREATMENT TREATMENT PHVSICAL,8 ATMOSPHERIC 

BIOlOGICAL ASSIMILATION 

, , 
PERPETUAL STORAGE 

SURFA CE SALT 
ARID REGION 

LANDFILL 
UNDERGROUND WAST E 

UNSATURATED 
INJECTION PILES IMPOUNDMENTS FORWmONS 

ZONE 

FIGURE 2 Hazardous was te management . 
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Optimum, suc cess ive utilization of the t hree general opt ions would 
result in a decreasi ng amount of hazardous wastes as treatment proceeds 
in the d ire ction of  the arrows in Figure 2 . Only small vol umes of the 
more inert materials should be considered for  pe rpetual storage . The 
hi era rchy identified in Figure 2 should be followed in the manag ement of 
hazardous wastes :  ( 1) in-plant op tions should be used to  red uce the 
volume and toxicity of generated hazardous wastes , ( 2 )  wastes that are 
generated should be converted to le as hazardous forms and should be 
reduced in volume , and ( 3 )  remaining residue s  and wastes that are 
hazardous should be stored in a manne r that minimizes risks to the 
enviro nment and the public . 

Id ent if ication and understanding of thi s  hierarchy permits  rat ional 
deci sions to be made , best risk solutions to be ident if ied , and bet ter 
public understanding of  the i ssues . The management approaches out l ined 
in Figure 2 also stress  that no one approach is suff icient to solve 
hazard ous indust rial waste management problems . Further, the concepts  
identif ied emphasize prevent ion and reduction rathe r than t reatment and 
storage and aim t o  reduce the ri sk t o  the envi ronment and public . Thus ,  
the emphasis  i s  on positive rathe r  than negative manage ment option s .  

IN-P LANT OPTIONS 

In-p lant options are probably t he most e ffective and economical 
means of managing hazardous waste s .  These options represent approache s 
that g enerally minimize impact on public health and t he environment . 
Minimizing or eliminat ing wast e  production i s  substituted for end-o f-pip e 
manage ment . These options include :  

1. Proces s  modifications to  eliminate o r  reduce the volume of 
specif ic hazardous wastes . These involve altering the chemi s try 
or  the chemical e ngineering operations to achieve the desired 
waste el imination or reduc tion within t he c onstraint of 
acceptable and economical product manufacturing . 

2 .  Re cycle and reuse processes to  prevent materials f rom bei ng  
d i scharged f rom the plant a s  wa st e .  Use o f  these technique s 
recogni zes t hat the hazardous c omponent s of wa stes may be usable 
reactant materials in othe r  production processe s .  

As the c os t s  o f  waste treatment a nd  d i sposal increase , 
cos t-reduct ion a chieved through recove ry of chemicals from the waste 
stream prior to d i sposal will become more important . The value of 
reclaimed chemical s plus the saving s in not having to dispose of them 
could match o r  exceed the o riginal d i sposal c ost s .  An example ma y  be 
cited f rom the leathe r and tanning industry : Chromium removal from 
wastes has been well d emonstrated , but the net gains f rom recove ry  and 
sale on the commercial chromi um ��arke t have been margina l .  Howeve r ,  t he  
substantially increased coat s  o f  secure landfill or even t he lo wer cost 
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of land t reat ment under pending RCRA regulations ind i cate that i t  will 
probably become significantly more coat-effe ctive to remove the chromi um 
f rom such wastes ( Overcash 1980) . 

Because of the largely proprietary nature of  the techno logies , t he 
committee decided not to undertake an exte nsive te chnical review of  or  
make recommendations on process modificat ion and recycle and reuse . 
Howeve r ,  the committee stro ngly re commend s  a major c ommitment , both 
phi losophically and in funding , to approaches t hat prevent or eliminate 
hazardous material s f rom bei ng  discharged as waste s .  

CONVERSION TECHNOLOGIES 

Technologies that convert hazardous wastes into less hazardous or  
nonhazardous wastes fall int o two classes : 

1. In cineration, thermal treat ment , chemical , physical , and 
bio logical processe s , al l of which convert waste s from a 
hazardous t o  a less hazardous or  nonhazardous state . The se 
processes produce a re sidue ( either  a s  a by-product or as a 
waste st ream) that may o r  may not have an adverse environmental 
impac t and that must be discharged to the environment or  stored 
in an envi ronmentally sound manner .  

2 . Land t reatment that conve rt s the hazardous waste s but also 
provides the ultimate d isposal site . 

Combinat ions of these conversion processes can be used to manage 
hazard ous i ndust rial wastes . These t echno logies are c onsistent wi th t he 
philosophy of environmental regulations ( i . e . ,  to re nder hazardous 
i ndus trial wastes nonhazardous) .  

PERPETUAL STORAGE 

Pe rp etual s torage i s  the mos t prevalent existing hazardous waste 
manage ment pract ice . Each perpet ual storage technology attempt s  to  place 
the waste material i n  a highly condensed or concent rated conf iguration i n  
which the hazardous constituent s do not move .  Genera lly lit tle or no 
c onver sion from a hazardous state occurs , and , hence , care , monitoring ,  
and migration prevention are requi red for an indefinite period . The 
committee decided that at  least 500 years wa s realistic as a period of 
concern for hazardous wastes in landfills and pe rpetual storage options . 
Regulations under RCRA e stablishing the peri od of concern f or landf i lls 
as 30 years were considered by the committee to be unrealistic . Careful 
at tent i on to design for c ontai nment over such short control periods does 
not eliminate the probability of containment system fai lure af ter 30 
years . Instead , the likelihood of adverse impacts  and the realist ic 
costs of pe rpet ual care by comp liance to the let ter of the law are only 
masked . 
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The storage technologies clearly involve a long -te rm obligation 
because with t ime , part icularly at  a closed site , mo at of t he change s  
that can occur are adverse ( e . g . , eventual penetration of  a surface 
cover,  gas d iffusion and leakage to t he a tmosphere , a nd  leakage of mobile 
constituent s to  groundwate r) . As an illust ration , expe rience with some 
nuc lear waste repo sitories {not specif ically d iscussed in t his report ) 
provide s an example of unsuc cessful result s  with  long-te rm storage . 
De sp ite the beat intentions t he se have a proven record of  leakage to the 
environment during a relative ly short period amount i ng  to a s mall 
fract ion of  t he 500-year lifetime d eemed necessary by the c ommi t tee to be 
a reali stic period for pe rpetual storage . 

The cent ral que stions t o  be addressed with regard t o  perpetual 
storage concern the t e chnology and the procedure s for implement at ion.  
The question st ill not be ing widely addressed is  how t o  ac commod ate these 
sites over their  probable , greater than 500-year life . It is indeed 
possible that hazardous waste problema and consequence s  a re merely be ing 
pos tponed and will  have to be dealt with  by future generations . lf this 
could be a rgued c onvincingly {o r even addressed ) , t hen a real ist ic 
considerat ion of the direction for hazardous waste management could be 
undertaken. The committee believe s t ha t  t hi s  question , a lthough i t  i s  
not within the scope o f  thi s study , should be evaluated criti cally before 
public acceptance of perpet ual storage of  haz ardous indus t ri al wa ste c an 
be expected . The commit tee conclude s  tha t  i t  i s  desirable to sele ct the 
perpet ual s torage alte rnat ive s t hat are the moat s table and provide the 
maximum isolation f rom the re st of  the environment . 

TIME-FRAMES 

The options noted in Figure 2 have d ifferent l i abilitie s  and 
time -frame s associated with  t hem . The in-plant options re late to ve ry 
short t ime-f rames {hours to days) , with effec t s  l imited to t hose of short 
duration ( i . e . , those resulting f rom extreme operating conditions) . They 
are s ubjec t to  normal community acceptance and O ccupat ional Safety and 
Health Administrat ion consideration s .  

The envi ronmental a nd  s ocietal effects of  conversion technologies i n  
Figure 2 involve an expanded t ime-frame {minute s to ye ars ) . Sho rt- and 
long- te rm effects on a ir and groundwater q uality must  be addre ssed . 
Di spersion occurs in a current time-f rame and i s  taken into account as 
pa rt of the design and moni toring approach. I t a  ef fect s  must not v iolate 
acceptable ai r ,  drinking water ,  and land use standard s .  Thu s, the 
e ffec t s  of the se technolog ies are e ssenti ally s hort t erm. 

For t he storage catego ry in F igure 2 , the time -frame is much lo nger 
{decades t o  centurie s ) . The liability is  t herefore likely to be shi fted 
f rom those who gene rate or store the waste {the present generation) to 
future g enerations . These technologies could provide a potent i ally 
adverse environmental legacy . 
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For technologies in which the charac ter of the hazardous wast e 
remains f or a long period ( 3 0  years) t here is inc reasing like lihood of  
non-containment . Re liable containment for  very long period s ( 1000 
years)  i s  an advantage when the t rue cos t s  of mon i tori ng  a nd  remed ial 
act ion are inc luded with  the placement of a waste in such facilit ie s . 
The short er the lifetime of the hazardous waste  techno logy , t he  bet ter 
the cont rol and the lower the di spersion potent ial genera lly as soc iated 
with that t echnology . Lo nger sto rage period s  c reate much larg er unknowns 
and much less opportunity for management and control . 

ZERO RIS K AND ZERO DISCHARGE 

The concept s of zero risk and zero discharg e are interwoven 
explic i tly and implic i t ly into most envi ronmental discussions . That one 
cannot achieve zero ri sk or zero d ischarg e  is  clear to the commit tee and 
has been bas ic t o  its  d i s cussions and recommendat ions . The laws of 
thermodynamic s  and probability assure that zero ri sk or zero disc harge 
cannot be achieved . Although the commit tee did not attempt t o  assign 
quant itat ive values to acceptable ri sk, i t  recognized the c ri tica l need 
to  deve lop methods of risk assessment and put them into prac t ic e .  

It has been argued t hat zero ri sk and zero discharge ser ve a s  
va luable goal s f o r  soc iety even though they may be unachievable .  
Re gulations have often accepted that phi losophy . Ho wever ,  thi s 
impossible ta rget has bec ome a liabil ity in achieving real progress . 
Goals o f  zero ri sk and zero discharg e ini t ially were eff e c ti ve in 
overcoming inertia but have s ince bec ome an impediment to progress in 
hazard ous wast e management. Thus , the commit tee re jec ted the c riteria of  
zero risk or zero di scharge in eva luating the acceptabil ity of 
t echno logies f or hazardous waste management . To t he extent that t he 
public maintains a be lief in zero risk and zero di scha rge , there will be 
major d if f ic ulties in managing hazardous wastes . The commi ttee conc luded 
that the ma jor part of al l risk and di scha rge must be as sumed in a 
pre sent d ay t ime-f r ame and not def erred to future genera t ions . 

In the a rea of risk acceptance , the committee believes that risk 
quant if ication i s  urgent ly needed . Most act ivi ties of dai ly lif e pose 
s ome risk of injury , sickness , or deat h .  S imilarly , there i s  some ri sk 
a ssociated with hazardous was te management , and some alternative s  have 
higher ri sks than other s . It i s  crit ical that some leve l of ri sk 
a sse s sment be put i nto prac t ical use . Thi s  could occur through a 
combinat ion of sc ient ific and jud icial review and opinion , regulatory 
prac t ice , professional soc iety s tandard s ,  and public awareness and 
acceptance . 

The Of f ice of  Technology As se s sment ( 1981 ) approached thi s proble m  
in t e rms o f  a deg ree-o f-hazard concept app lied t o  regulatory polic ie s . 
Thi s  i s  a limited approach and f ocuses on criteria for def ini ng a 
hazard . The broad and more important problem i s  the level of 
acceptable ri sk. That some technologies , when applied to hazardous 
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i ndustri al waste s ,  will have hi sher risk f actors than other technolosies 
must be conside red in decisions re sard i na  such waste s  ( includ i na  their 
management and/o r  u ltimate d i sposal) . 

GLOBAL ASS IMILATIVE CAPAC ITY 

As d iscus sions in t he commit tee proceeded , i t  became cle ar that the 
sloba l environment ( atmosphere , sea and e stuarine systems , and 
t erre stri a l  mas s )  should continue t o  c onstitute a source of usable , 
natural t reatment processe s .  The committee 's deci sion t o  consider al l 
phases of the total earth environment was based , however ,  on the 
assumpt ion that  treatment , or  dilut ion accompanied by physical or  
chemical action , could occur without serious or i rreversible damage t o  
the environment . The burden of proof as to the reasonable absenc e of 
potent ial environmental damase caused by such use should rest pri mari ly 
wi th the waste di sposer rathe r than with private envi ronmental 
organi zat ions or  government agenc ies . 

The crit ical requirement i s  that treatment ( specifically , conversion 
t o  nonhazardous material) actually occurs . For example , the use of the 
upper two me ters of soil to decompose and f ix constituent s of hazardous 
waste i s  a method t hat uses  t he t errestrial environment to accomplish 
t reatment . Thus , land t reatment was recognized by the committee as a 
proper u se of t he  assimi lative capacity of nature . 

The commit tee also recosni zed that the atmosphere and o cean have 
a n  a ssimi lative capacity for hazardous waste , although a policy of 
restricted use of the ocean assimi lative capacity for hazardous waste i s  
i n  d irect conf lict  wi th s ome international accord s .  The scient i f ic 
community i s  in  di sagreement ove r the advi sabi lity of usi na ocean 
assimi lat ion (Goldberg 19 81 , Kamlet 1981 ) e ven t housh the assimi lat ive 
capacity i s  acknowledged t o  exis t .  The committee recogni zed this 
c onf lict but conc l�ded that further r esearch and pragmatic approache s to 
assimilation by the g lobal envi ronment might be val uable in d e aling with 
the internat ional problem of hazardous wastes .  

Re search on the ut ilization o f  the t reatment and assimi lative 
c apacity of  a ll phases o f  the g lobal environment was c onsidered just if ied 
by the committee . Several stateme nt s  summarize the committee rationale 
in this area : 

1. The use of selected part s of t he total earth environment has 
al ready been successfu l; thus , the exi stence of  the ea rth's 
assimilative capacity has been d emonstrated . 

2 . Withi n  restraint s that avoid envi ronmental degradat ion , t he use 
of t he environmental assimilat ive capacity can be a cont inuing 
proces s .  The use of such self-renewing technique s assure s 
little or  no burden on future generations , but only if  the 
extent of the assi milative capacity i s  known. The challense i s  
t o  quantify the t reatment potent ials . 
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3 .  The more sensit ive part s of the global environment have lowe r  
assimilat ive capacitie s , not zero tolerance s .  Economic s will 
d ictate whether a spe cif ic phase of the environment would 
actu ally be used , assuming that there are adequate control s over 
such use .  

In genera l,  t he committee believe s  that with adequate test ing , 
monitori ng, and regulation , the successful utilization of  the global 
environmental assimi lative capacity , including that of the soil , 
atmosphere , and the ocean , could be a vi able and just if ied techno logi cal 
alternative in t he manageaent of  industri al hazardous waste . 

ECONOMICS 

The committee recogni zed t hat e conomic s  underlie almost all of t he 
deci sion-making in sele cting management options for hazardous waste s .  
Several facets o f  t he  economic p icture appeared universal . 

First , the use of all te chno logie s ,  reg ardless o f  t he present degree 
of development , wi ll be improved if t here are cost reductions . Those 
options that have the lo west cost s and produce the best control will be 
more widely ut i lized . In many cases , the only exi st ing economic analy se s  
for newer �echnologies derive f rom small-scal e, laborato ry-level 
ap plications.  Full-s cale research or  usage s hould result in a better 
knowledge of act ual cost s .  The lack of specif i c  recommendations by t he 
c ommit tee regard i ng  work t oward lower cost s should be const rued only as 
recognit ion that such a need exists  almost universally among hazardous 
waste management technologie s .  

Se cond , the c ommit tee det ermined t hat obtaining reliable cost 
estimates of ongoing hazardous waste management was an important need . 
It i s  esssential to  know what typica l inve stment and operating costs are 
at full-scale indust rial facilit ie s .  Thi s area i s  c loudy bec ause bot h  a 
pri ori calculations and c ommerc ial sales information a re being utili zed

-­

simultaneously in comparisons of alternative s .  More actual systems 
evaluat ions are a universal need in the management of hazardous waste s .  

Third , the committee concluded that cost comparisons must be made on 
a n  "e nvi ronmentally equi valent" basi s .  Compari sons bet ween t ec hnologies 
that detoxify waste s and those that store material for a 30-year per iod 
only c onf use short- and long-term economics .  From the s tandpoint of 
technology assessment , all alternatives  should be evaluated using t he 
same ground rules.  The compari son should i nc lude costs f rom the t ime o f  
hazardous waste generation until  the hazardous characteristic s  have 
permanent ly d isappeared or  can be a ssumed i mmobilized even over ve ry long 
period s .  

This type of environmenta lly equivalent economic determinat ion i s  
certainly not being made for one notable technology--haz ardous waste 
landf ills . The present costs of operat ing these f acilities do not 
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i uclude realis tic long-te rm costa. There i s  an obvious preference for 
turni ng responsibility ove r to some leve l of gove rnment for long-term 
cost a and liabilities.  Thus , incomplete landfill cos t a  are currently 
compared with  those for a chemical detoxif icat ion facility o r  a land 
treatment system in which t he hazardous was tes are rendered 
nonhazardou s .  Such comparisons are not envi ronmentally equivalent and do 
not provide a t rue measure of soc ie tal cost a. 

The committee did not attempt to list in-place and operational cos t a  
f or each environmentally equivalent technology . This , howeve r ,  should 
no t be const rued to mean that economic s i s  not an important facto r .  
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CONCLUSIONS AND RECOMMENDATIONS 

GENERAL 

Hazardous industrial wastes exist and must be dealt with in the 
context of present day so ciety . Fewer hazardous waste s ( in volume and 
degree of hazard ) will be generated in the future as pro cess changes and 
in-plant modif i cations are made . However ,  complete solutions for 
hazardous wastes will still require treatment , conversion,  and perpetual 
storage of the lesser amount s of materials that cannot be otherwi se 
e liminated or re cycled . 

The d isposal of  hazardous wastes i s  a nat ional problem , one t hat 
affe ct s  the national e conomy and the nat ional future .  Academia ,  
government , and industry should all play a role i n  meeting the resear ch 
and development needs for hazardous waste management . 

There currently exists some technology or  combinat ion of 
te chnologies capable of dealing with  every hazardous industrial waste in 
a manner that eli minates the need for perpetual storage . At least in 
principle , inorgani c component s can be separated and reused and organi c 
compounds can be destroyed . In general , however , the pre sent state of  
development of  many of the required technologie s is  such that  they are 
not commer cially available at a co st that makes their use f easible . 

An object ive of  the sponsors was to have re co mmendat ions for new 
technologi cal approa ches to hazardous waste management . However ,  the 
committee found no major new and cost-effective approa ch .  Since no 
sing le ,  existing t e chnique is  likely to  be deve loped into a panacea , 
funding should be cont inued mainly to improve exist ing te chnologie s ,  
pa rticularly for making methods more re liable i n  design and operat ion and 
more cos t-effect ive for spe cifi c waste streams . Furthe r ,  current 
technologies invo lving perpetual storage must cont inue to be used , at  
leas t for the i mmediate future , and the pro blems they cause must be faced . 

Al l haza rdous industrial waste disposal technologies involve some 
ris k  since zero ris k  and zero d is charge are not  a chievable . It i s  
e ssent ial that alternative t e chnologies be subjected t o  a quant itat ive 
ris k  assessment that takes broad account of so cietal concerns . The 
committee concluded that the concept of  "environmental equivalence" 
should be used in these comparisons . Such assessment s mus t be a cceptable 
to the publi c as well as to the s cientists and engineers who are 
knowledgeable in the field . 

1 3  
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Al l  hazardous industrial waste di sposal technologie s need comple t e  
e conomic evaluation , so that c ompar isons can b e  made of  their act ual 
cost a. Economic eval uations must  include the long-term ( sometime s  in 
excess of  500 years ) f acets  of certain hazardous waste management 
alternative s .  

To a large extent , specif ic di sposal technologies are particularly 
suited to specific hazardous industr ia l  waste s .  In genera l, therefore , 
wastes should not be mixed together or di luted without reason , and , in 
addition , the choice of di sposal technologie s should be based on specif i c  
waste disposal needs .  

The disposal of hazardous industrial wastes should be approached in 
a hierarchical fashion , f irst attempting to minimize waste production 
through process modification and recyc ling , next seeking to convert the 
waste to nonhazardous or less hazardous forms , and finally making use o f  
perpetual storage . 

The committee  reco mmends that:  

1 .  A centralized , accessible ,  and period ically updated econo mic 
evaluation of each hazardous industr ial waste d isposal 
techno logy be developed , together with an assessment o f  each 
technology ' s  availabi lity and state of commerc ia l  deve lopment . 

2. A methodo logy for hazard and risk assessment of hazardous 
indus tr ial waste di spo sal technologie s and transport be 
d eve loped and applied . Both public and environmental r isks 
should be covered in a manne r that allows compari son with 
existing r i sks that are acceptable to  society . 

3. An educationa l  program be e stabli shed to provide the public and 
indust ry with soundly based informat ion on the options and risks 
associated with the dispo sa l of  hazardous industria l waste s .  

4. A methodology for dealing with the pro blems of s it ing of  
hazardous waste treatment and d ispo sa l fac ilit ie s  be  developed , 
with particular attent ion to regional treatment fac ilit ies . 

5. Re source  recovery or waste e liminat ion receive first emphas is in 
a ll considerations of  hazardous indus trial waste management . 

6 .  Manufac turers of product s  p lan ahead for the ult imate treatment 
and d isposal of these products and the by-product s  of the ir 
manufacture so as to minimize technical problems and adverse 
environmental consequences . 

INSTITUTIONAL CONSIDERATIONS 

Progress toward the satisfactory management of hazardous industri al 
waste is inhibited by nontechnical as we ll as by technical shortcomings . 
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These factors are basi cally insti tut ional in nature , and they are so 
fundamentally involved in any d i s cussion of waste disposa l  te chnologies 
and te chnology appli cations that their considerat ion canno t be avoided . 

Publi c at titudes t oward hazardous industria l  wastes and the ir 
di sposa l refle ct a number of misconceptions . Among these are belie fs 
that hazardous waste generation can be e liminated , that waste dis charges 
can be avoided , that waste disposal can be made risk free , and that 
hazardous waste dispos al techno logies are equally r isky to the lo cal 
environment and health .  Satisfactory management of hazardous indus tri al 
wastes depends on an informed and enl ightened publi c. 

Long-term re liabi lity and consistency in the management of hazardous 
industrial waste d isposal operations must not be hampered by changes in 
regulatory phi losophy , hasty legi s lat ive and regulatory actions in 
re sponse to problem s ituations , inconsi stent enforcement , and techni cally 
una chievable regulations that di s courage all but minimum compliance with 
curre nt re quirements .  Satisfactory management of hazardous indust r ial 
waste s  depends  on establishing goals for the long term and adopting a 
cons istent , realist i c  approach to achieving them .  The public deserves 
nothing les s .  

Lo cal j uri sdictions have generally been u�willing t o  a ct joint ly to 
br ing about the establi s hment of centralized waste treatment faci litie s ,  
where larger s cale operations would provide eff iciencies in cost , 
environmental control , and resource conservation and re cove ry . A 
re luctance to deal with the problems of hazardous industrial waste 
management on the part of a sing le jurisd i ct ion often rule s  out act ion on 
the part o f  others . Satisfactory hazardous industri al waste management 
depend s on a co mmonality of effort to reso lve a nat iona l problem. 

The commit tee re co mmends that : 

1. A program of publi c educat ion , in the broadest  sense , be 
init iated t o  inform and t o  provide a positive view of the 
ne cessity of  overall management of hazardous industria l waste s ,  
the nature of the a lternat ive technologies , and the success of  
di sposal operations that could serve as  model s  for  future 
deve lopments .  

2. Review and revis ion of ex is t ing legislation be considered to 
assure it s consistency and te chni ca l  validity , p arti cularly wi th 
re gard to the long term and the enforcement of regul at ions , and 
to establish reasons for publi c conf idence in the goals se t f o r  
the management of hazardous industrial waste s .  

3. The fede ral government encour age the formation of centralized 
facilities for the treatment of  hazardous industri al wastes by 
arranging to coordinate such act ivitie s , by seeking the removal 
of legal barri ers at the national, s t ate , and lo cal leve ls , and 
by provid ing assurance to the public that concerns for health , 
safety , and the env ironment wi ll not be negle cted . 
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CHEMICAL AND PHYSIC AL TECHNIQUES 

Chemical and physical technique s , described classically as unit 
pro cesse s and uni t operations , consist  pri marily of conversion 
( d egradat ion) pro cesses such as neutralization , oxidation, reduc tion ,  and 
precipitation and separation (concentrat ion) processe s  such as 
distillation , f iltration, and adsorpt ion . A very large number of  these 
technique s are available , and they are used widely in dealing with 
hazard ous industrial wastes ,  both in manufacturing and t reatment 
operations . Thei r  application may come before , after ,  or as part of  
another treatment method or they may themse lves be  sufficient . Kno wn 
waste s consisting o f  one or  a few hazardous component s can often be 
d isposed o f  effectively using these technique s ,  but they are less 
suitable for waste s of mixed or  variable composition . They have the 
advantage o f  being carried out under controlled conditions , and this 
allows risks to  be minimized . 

Al though , in principle , chemical and physical tec hniques could be 
developed to di spose of any hazardous indus trial waste , it is unlikely 
that this  would be a generally cost-effec tive approach. Howeve r, even in 
current appli cations , improvement s could be made i f  mo re fundamental d ata 
on the the rmodynamic ,  kinetic , and transport propert ie s o f  the waste 
material s were avai lable . Particularly with o rganic materials , general  
p roperty correlations would help in the optimi zation o f  s eparat ion 
pro cesse s  and thus facilitate recove ry of val uable compounds .  Specif i c  
chemical procedure s such a s  the reductive dechlorination of  
chlorine-containing organic s ,  should be  considered . 

The c ommittee rec ommends that : 

1. Experimental dete rmination of physical propertie s of  various 
hazardous waste species and mixture s be cont inued . Addit ional 
research on predictive and correlational me thods is warranted . 

2. Processe s f or metal re moval and recovery f rom hazardous 
industrial waste streams be inve st igate d to improve the options 
f or pre-t reatment of wastes to be disposed of  by biological 
technique s , land treatment , and incine r ation .  Ion exchange , 
adso rp t ion , and liquid extraction methods are likely candidate s  
f o r  development . 

3. Se parat ion p rocesses based on supercritical fluids , liquid 
membranes ,  and foam fractionation (espec ially microg as 
d ispersions) be developed further . Separation o f  organics f r om  
largely aqueous waste streams would allow the use o f  
incineration . 

4. Re search be d irected toward a lo w-cost process for removing 
water from slimes and sludges , so that the chosen di sposal 
method ( perhaps by land treatment ,  permanent storage , o r 
landfilling )  c an be simplif ied . 
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BIOLOGICAL TECHNIQUES 

Biological waste treatment processe s  have been widely used for the 
t reatment of both municipal and certain industrial waste s ,  and the 
technology i s  well established in these areas . Although there can be 
applications t o  hazardous indus trial wastes , biological treatment 
processes will generally constitute only one step in a hazardous waste 
t reatment and di sposal system . There are a large number of biological 
treatment processe s that use indigenous or adapted microbial o rgani sms 
for the removal or detoxification of hazardous industrial wastes . In 
the se systems , waste constituents can also be removed by air stripping , 
volatilization , and adsorption on soli ds . As with chemical and physical 
processe s ,  biological processes are carried out under rel at ively 
well-controlled conditions of residence time , temperature , and pH . 

Biological waste t reatment processes can be adapted to liquids , 
slur rie s , and solid organic waste s .  Toxic const ituent s can inhibi t 
microbial growth in such processe s ,  and there can be d if f iculties in 
maintaining a suff iciently diverse population of  mic roorganisms to 
metabolize the waste materials at desired rates . De tailed information i s  
needed on the ability of  biological treatment processe s  t o  detoxify 
sp ecif ic hazardous industri al wastes using both indigenous and 
genetically manipulated organisms . 

The c ommittee recommends that : 

1 . The mechani sms of hazardous industrial waste removal be studied 
in one or more existing or clearly usable biological treatment 
processes so that better utilizat ion of this alternat ive can be 
develope d and the transfer of toxic pollutant s from one medium 
t o  another c an  be minimi zed . 

2. Analytical measurement technique s ,  beyond fish bioassay methods ,  
be developed t o  provide measure s of detoxif ication when 
biological t reatment processe s  are used . 

3. Genetic engineering of microorganisms be investigated as a me ans 
of improving detoxification of hazardous industrial waste s .  
Competition f rom naturally occurring organi sms should be 
investigated . 

4. Thermophilic biological techniques be s tudied to determine if  
improve d detoxification and removal can be  achieved economically 
with these processes . 

Land t reatment makes use o f  the a ssimi lative capacity of the 
environment in the disposal of  hazardous industrial wastes ,  taking 
advantage o f  natural biodegradat ion processes a s  well as envi ronmental 
chemi s t ry . Organic material s are met abolically degr aded , and both 
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o rganic and inorganic materials are subject t o  oxidation o r  reduction and 
to immobili zation by adsorption and reaction in the soi l . Land treatment 
has been applied successfully in the disposal of municipal and non-haz ardous 
indus trial waste s as well as in the treatment of hazardous industrial wa ste s .  

In principle , land treatment i s  capable o f  handling all hazardous 
indus trial waste s .  In practice , the capacity o f  the land for  specific 
waste component s  may be limited by the cost of land areas to match 
assimilative capacity to waste gene ration . Therefore , pretreatment of the 
waste may be required to achieve reasonable cost a .  Pre treatment may also 
be considered as a means of extending the life of land treatment systems 
re ceiving c onstituent s that accumulate . The behavio r  of the constituents 
in a land t reatment system can af fec t ai r and wate r receiver systems , and 
there fore , designs f or land t reatment must take into account both 
short-term and long-term environmental effec t s . 

The c ommit tee recommends that : 

1. The data base for the de sign of  a land treatment system be 
expanded , with emphasis on transferable laborato ry- or 
pilo t-scale information and refinement of thi s information in 
selected f ie ld-s cale systems . 

2. The economic s of full-scale hazardous waste land treatment 
sy stems be further documented . 

3. Proces s  modif ication and pretreatment be investigated as ad junct s 
to land treatment . 

4. An e ffort be made to  make industry aware that land t reatment ha s 
technical and economic potential .  

OCEAN AS SIMILATION 

Oc ean a ssimilation ,  like land treatment , makes use o f  the 
assimilat ive capacity of the envi ronment for the di sposal of  haza rdous 
indust rial wastes . Many of  the same assimilative processe s operate to 
degrade and detoxify wastes ,  but here particula r attention must be paid t o  

impact s  o n  marine life and the overall ecological system because o f  the 
relat ively rapid di spe rsion which occurs . 

Indi sc riminate ocean dumping of  waste materials has led to banning 
any form of ocean di sposal . Thi s , howeve r, should not preclude 
investigations into the use of the oceans for hazardous indust rial waste 
di sposal unde r s t rictly controlled conditions ; the oceans , which occupy 
some 70 percent of the earth ' s a re a ,  may indeed provide a valuable 
self-renewing resource . Excep t in connection with pas t problems caused by 
specif ic wastes , o f ten in specific locations , relat ively little i s  known 
about the deg radation of waste s in the marine environment . High dilut ion 
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i s  likely to make such studies dif f i cult , but i t  may well facilitate the 
degradative processes by minimizing the impact on the marine 
envi ronment . As with land treatment , pretreatment of wastes to remove 
spe cif i c  component s may be required . 

The c ommittee re commends that : 

1 .  The effects of sele cted past o cean d isposal ( dumping ) of  wastes 
be dete rmined to asse ss the possible consequence s of o cean 
d i sposal of hazardous industrial wastes . 

2. The di spersal and degradation rate s of hazardous indust rial 
waste constituent s in the marine environment be s tudied . 

3. Systems be develope d to monitor ocean di sposal processe s and 
their impact on marine ecology . 

4. Modeling of  ocean assimilation be studied . 

INC INERATION 

Incineration i s  a useful technique for the conversion of  hazardous 
indus trial wastes to less or non-hazardous material s ;  it is appli cable to 
all organic materials provided the necessa ry temperature s and residence 
time s  can be a chieved . It f ind s widespread use in a large variety of 
installat ions , among them boilers , kilns , furnaces of special design , 
open pit s ,  rotary hearths , and vertical shaf t incinerators . These can be 
powere d by both hyd ro carbon and refuse-derived fuels . In some eases , 
energy can be re covered with the e o-gene ration of  heat or ele ct ri city . 

Fo r many o rgani c materials , incine ration affords the most complete 
means of  waste management available via cur rent te chnology , but emi ssion 
controls  are f requently requi red to prevent air pollut ion . The inorgani c 
component s present in waste produce slag and ash that mus t be di sposed of 
and , on occasion , toxi c volatile materials that must be colle cted . 
Shi pboard and ocean platform incinerators avoid some of the problems 
a sso ciated with emissions but entai l signif i cant transport p roblems for 
all but haza rdous indust rial waste generators located near ocean coast s .  
Wi th more p re cise information on the temperature and t ime requirement s 
and design pa rameters for specif i c  classes  of waste s ,  a more extensive 
use o f  i ncineration would be come feasible , particul arly if  pro cesses were 
to be developed for existing industrial boiler systems . 

The committee re commends that : 

1. The rate s and product s  of combustion of hazardous industrial 
wastes be determined as  a f unction of  waste type , tempe rature , 
and re sidence time to asse s s  the feas i bility of wide spread use 
of  existing systems for incineration . 
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2. Fuel additive s  and improved scrubbing systems be studied and 
developed f or improved control of  incinerator emi ssions . 

3. Operational studies of offshore platfora incineration be carried 
out . 

4. Po licy and economic s tudies of  ocean ship board incine ration be 
unde rtak.en.  

THERMAL METHODS 

Thermal methods utilize heat rather than the open f lame of 
incineration to decompose and detoxify hazardous industrial wastes by 
oxidat ion and pyrolysi s .  Examples include catalytic and react ive 
fluidize d be d  systems , molten salt reactors , plasma a re a  and to rche s ,  
microwave systems , and pyrolytic processe s .  O f  these , only pyrolytic 
proce sse s have been widely used in indus t ry . Ther mal methods are 
generally applicable to haza rdous indust rial wastes ,  but they a re usually 
more costly than incineration and are more suitable for di sposing of  
specific wastes f or which convent ional incinerat ion i s  no t readily 
adapted . 

Al though higher heat transf er c oeff ic ient s may result in lowe r 
temperature requi rement s for destruction than with incineration , seve ral 
of the thermal methods , particularly those involving mic rowaves and 
plasmas , require high ene rgy inputs that make thea less  economically 
attractive . On the o ther hand , fluidize d bed media can be selec ted to 
reac t wi th ino rganic component s such as  chlorides ,  thus reducing or  
e liminating problems wi th emissions . In addition , a numbe r o f  thermal 
me thod s are suited to operation on a scale s maller than that of 
conventional inc inerator s ,  making portabi lity of the t reatment facility 
possible . Overall ,  thermal method s offer considerable promise for 
disposing of specific , difficult wastes . 

The committee reco .. nda that : 

1. Operating parameters for the destruct ion o f  specific hazardous 
industrial waste s  in molten salt , fluidized bed , we t  ai r 
oxidat ion , and pyrolysis systems be determined. 

2. The selection of material s of const ruction for molten salt ,  
fluidized bed , we t  air oxidation , and pyrolysis systems be 
studied to improve corrosion resistance and operating life . 

3. Plasma and microwave systems be investigated f o r  destruc tion and 
detoxif ication of hazardous industrial waste s that are diff icult 
to handle . 

4. Pyrolysis methods be developed for organic wastes as  a means of 
detoxif ication and conversion to usable foras , such as fuels . 
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S •  Evaluation of co-catalyst systems for  use in  conjunc tion wi th 
specific technolog ie s ( i . e ,  wet air oxidation , f luidized bed s ,  
and specific waste streams)  be investigated . 

LANDFILLS 

La ndf ill is currently the majo r method used f o r  the d i sposal of 
haza rdous indus tri al was te s .  In the past , landfills were indeed "toxic 
dumps , "  but today ,  since they a re regulated , they are be tte r de sc ribed as 
" secure landfill s , "  intended basically as permanent sto rage that  provides 
"perpetual" i solation f rom the envi ronment . To a ssure perpe tual 
i solat io n ,  howeve r,  requi re s  pe rpetual ca re at a cost that i s  generally 
being igno red . 

Fo r the immed iate f uture ,  landfills repre sent a necessa ry technology 
for di sposal of hazardous indust rial waste s ;  but , fo r the long term ,  they 
may not remain the majo r  alte rnative f o r  p e rpetual s torage . In the 
future , only non-reducible inorganic residue s might be considered fo r any 
perp e tual s torage alte rnative .  The contents of a landfill are 
recoverable , at least i n  principle , t o  the extent tha t the landf ill  i s  
properly managed and controlled . There i s ,  howeve r ,  a good deal that i s  
no t known about long-term landfill behavio r ,  and po licie s fo r long-te rm  
c are and management o f  landf ills have y e t  to b e  e stabli shed . 

The commi t tee recommend s tha t :  

1 .  The use of  landfills b e  minimi zed to  prevent the like ly 
mig ration of  constituents of  the waste int o  g roundwate r .  

2 .  Systems be developed f or improved sampling and monito ring of 
ha zardous industria l waste s i n  soi l s  and leachate & .  

3. Mode ling of migration from landfills be s tudied . 

4. Line r and cove r material s be evaluated for  long-te rm pe rformanc e .  

s .  Ma te rials and method s o f  e ncap sul ation and solid i f ic a tion be 
i nve s tigated , wi th pa rticula r attention to long-term behavio r. 

PERMANENT STORAGE OR DISPOSAL 

Pe rmanent s torage or d i sposal i nvolves deep we ll injection or 
unde rground burial , with or without bar rier s  to migratio n and wi th o r  
without immobi li zation by solidif ication or  f ixation. Cu rrently , deep 
well injec tion is practiced fairly extensively with liquid s ,  but , like 
landf illing , t he prac tice has been d eclining . Wi th d isposal in mines and 
sal t  dome s , was te s  are ,  in  principle , recove rable . Howeve r, the se 
t echniques approach d i sposal with the expec ta tion that the wastes  wi ll be 
so i solated by d i s tance or by degradat ion tha t they will  never again 
encounter the biosphere . 
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A variety of  sites are available f or this method of disposal , among 
them solution cavitie s ,  worke d-out and a bandone d mine s , and geological 
basins . Such locations , however , have not been adequately invent oried 
and characterized, and there is not much known about the degradation and 
reaction rates of wastes and their possible migration in many potentially 
usable regions . 

The committee recommends tha t : 

1 .  An inventory of possible site s for permanent di sposal be 
generated, with information on site characteristics and 
potential problems in handling the di sposal of solids , liquids , 
and slurries . 

2 .  A more concerted and directed research e f fort be made to  a sse ss 
the feasibility of using as  burial sites for hazardous wastes 
the thick unsaturate d  zones (water free ) underlying much of the 
western United State s .  The utility of these zone s may be 
p ivotal in  providing a reasonable solution to the whole problem 
of di sposal of hazardous waste s .  

3. Chemical degradat ion and reactivity studies of liqui d hazardous 
industrial waste s in the injection envi ronment be carrie d out , 
taking account of the temperature s ,  local brine chemi st ry , 
pressure , and flui d migration rate s .  

4 .  The long-term s tability of containers a nd  encap sulated or 
solidif ied materials i n  the di sposal envi ronment be investigated . 

5. The long-term s tabili ty and performance of various kinds of  
barriers between waste s and the local environment be  studied. 
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INSTITUTIONAL CONSIDERATIONS 

A series of nontech nical i ssue s  i s  seen by the commit tee (as  a body 
of i nformed citize ns )  to be very important to any future progress in 
hazard ous waste management and thus must be addressed to place the 
tech nical aspects  in  proper perspective . These i ssue s are primarily 
inst itut i o nal in character and nati onal in scope . In any speci f ic 
situatio n ,  the i nst itutional problems can be quite complex;  however ,  a 
few i ssues ari se f requent ly and are suff icient ly import ant to be 
identified as i nstitutional needs related to hazardous waste management . 

PUBLIC PERCEPTION 

In the opinion of the commit tee , several examples of  public 
attitude s that inhibi t solutions to hazardous industrial waste management 
problems are : 

1 .  Zero discharge i s  an achievable goal 

2 . Hazardous waste generat ion can be precluded from a region or 
community 

3 .  There i s  no acceptable level of risk 

4 .  All ma nagement optio ns have similar risks because the waste s are 
hazardous . 

To the extent that new and superior approaches to  hazardous wa ste 
management are precluded from implementation because of incorrec t public 
perception , the n  both the public and the waste generators will suffer 
very substantially . A concerted public educatio n program i s  needed to 
stimulate the cha nge in public percept ion . 

An education program must provide more than just informatio n o n  
a lter nat ive s t o  overcome the adverse history of  the environmental impact 
of certain hazardous waste site s in the United State s .  A specif ic 
educat ional program might begin with a detai led evaluat ion of how public 
att itude s arose and wha t educational material s are needed to cha nge 
faulty percept ions . I nf ormation from a successful operati ng facility 
such a s  that  of Kommunekemi i n  Denmark generally would be ve ry 
effective . Inf ormation presented by academic professionals might be more 
effec t ive tha n that presented by government or regulatory person nel 
because o f  the present general public mi strust of these officials . A 
specific program then could be developed by community , state , or  regio nal 
teams . 

23 
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Public attention should be directe d  towar d the overall issue of  
managing hazardous wastes instead of focusing on a specif ic grievance 
involving one facility or pas t  situat ion . Unless  public perception i s  
ef fectively addre ssed in thi s larger context , every action o r  facility 
for managing hazardous waste will require considerable expenditure s for 
per suasion with no guarantee of acceptance . In other words , the 
educat ional approach shoul d be di recte d at the general climate of 
atti tudes t o  allow positive movement toward implementation of 
stat e-o f-the-art hazardous waste management technology in the Unite d 
State s .  Although changing the general attitude may seem an inefficient 
approach , one mus t  contemplate the large number of facilitie s  to be site d 
i n  the future and the decisions t o  be made in the public and 
institutional area related to hazardous waste s .  These individua l  
s ituations are very diff icult t o  implement without a generally more 
realistic and hence more positive attitude toward management of hazardou s 
wastes . 

PUBL IC AS SURANCE OF LONG-TERM RELIABLE OPERATION 

Hi gh-quality design and construction of hazardous waste management 
facilities will not i n  themselve s assure successful performance with 
re spec t to environmental and health standards . Thi s  i s  determined by the 
actions o f  re sponsible , trained management . At pre sent , apprehension 
exist s on the part of the public concerning the reliability of operation 
of hazardous waste facilities . It would be natural to assume that the 
public woul d depend on regulatory o rganizations to enforce operat ional 
s tandards e stabli shed f or protect ion of health and the e nvironment . Thi s 
i s  not the case , for the public doe s  not generally trust regulatory 
organizations to remain both permanent and rigorous in enforcement . 
Al though the degree of mistrus t varie s ,  i t  i s  rare that the public i s  
comfort able with the enf orcement power or the commi tment of government . 

The regulatory authoritie s  themselve s are often at a disadvantage 
because the regulations to  be enf orced may not be completely consistent 
and , in  some case s , are technologically unachievable at reasonable 
cos t a .  Thus , the best opportunity to educate the public , through actual 
demons tration that hazardous waste can be correctly managed, i s  lost . 
Er ror s ,  of  varying magnitude ,  are made by all groups , these include 
citizen unwillingness  to understand and discern among alternative s ;  
marginal facility operation within the regulat ions ; and opposition to 
stric t enforcement . 

Solutions are difficult to f ind and not readily agreed upon in 
detai l .  However ,  there must be a starting point leading to a serie s of 
def initive improvements .  As the most cent ralized and technically based 
element in hazardous waste management , the regulations are clearly the 
place to begin . In the i deal , good regulat ions encourage strict 
enforcement . The major concern of the committee with regar d  to present 
legislation i s  the absence of consideration for the t ime period during 
which wastes remain hazardous .  
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Given consistent , technically sound legislation that accurately 
accounts f or the long term , the enf orcement mechanism must develop 
improved capabilitie s .  Enforcement must  prove to be rigorous , suf f icient 
to detect noncompliance , and less impacted by factors not related to the 
environment or health . Industrial firms must  support and strictly 
enf orce such a policy because it is  in t heir own interest as well as that 
of the community . The public , in turn,  must  become more percept ive of 
good management and the inherent technical limitations in the management 
of hazardous waste s .  With these change s ,  based firmly on improved 
legislation and enf orcement , the general climate and further refinement s 
in te chnology wil l  improve the hazardous waste management situation .  The 
public will have a guarantee of long-term reliable operation . 

REGIONAL OR CENTRALIZED HAZARDOUS WASTE TREATMENT FACILITIES 

A hazardous waste treatment fac ility established to  encourage 
int erstat e  or intercounty transfer of materials to a centralized locat ion 
is re ferre d  to as a regional center . At pre sent there are no such 
center s  in the United States because local jurisdictions have bad an 
adver se a ttitude toward other communities ' hazardous wastes and have 
lacked a commitment t o  joint management of hazardous waste s .  In Europe 
such regional centers do exist : Kommunekemi at Nyborg in Denmark , 
GBAAB-Kemi a t  Goteborg in Sweden ,  GSB at Ebenbausen in Wes t  Germany , 
Pl aforo at Lyon in France , HIM a t Frankfurt in  West Germany , and 
Daester-Fairtec at Baden-Brugg in Switzerland . In the United State s ,  
only o ne  f acility , near Cleveland , i s  being implemented . The number and 
usage of  treatment and recycle/ reuse processe s  at exi sting regional 
facilities can change depending on economic and other considerat ions . 
However ,  the concept of  such regional arrangement s remains valid and a 
sound objective . 

The incentive for regional centers i s  based on the economic and 
environmental contro l efficiency de rived from large-scale operations . By 
reduc ing costs  and assuring the availability of opt ions for managing 
hazardous waste s ,  illegal activitie s  would probably be reduced and the 
ability t o  enf orce regulat ions on industrial facili t ies of all s izes 
would be inc reased . The viability of such regional centers is primarily 
dictated by insti tut ional c ons iderations . 

A regional facility would employ various processe s for the 
management of  inorganic& , waste oils , and organic materials . Waste o il 
could be processed to regenerate usable pe troleum material s and , thus , 
would y ie ld revenue . At pre sent , one waste oil  recyc ling plant using 
modern technology exists in the United State s ( Felder et  al . 1980) . 
Inorganic mater ials would be t reated by such processes as neutralizat ion , 
dewatering , ion exchange , chemical reaction for detoxif ication,  and 
pre cipitation .  Organic materials might be reclaimed by solvent 
extraction or distillation.  Alternatively ,  organic destruct ion could be 
accomplished by i ncinerat ion in plants dedicated to handling specif ic 
waste compositions ( e . g . , high halogen content versus low halogen or 
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sulfur content ) .  At the Danish regional facility , a scheme has been 
developed that places wastes into 50 categories , each of which receive s a 
different combination of  treatment s .  

The organi zation o f  successful centers i n  Europe i s  based on 
government partic ipation. That participation can be direct ( e . g . , 
part ial or total government owner shi p )  or indirect ( e . g . , assignments of 
regions to  be served by single fac ilitie s ) . In the case of indirect 
pa rt icipation ,  government would be involved in permitting , enforcement ,  
and rate st ructure s .  Without government involvement on an interstate 
basis , these centers generally cannot be e stablished because of the 
uncertainty of permits , a lack of  commitment for the long term , and the 
a bsence o f  data on safety and health to assure public acceptance . 
Regional centers are accompanied by collection networks and transfer 
point s and these must be well designed and well operated . Institut ional 
change s are needed to educate the public and assure acceptance of 
regional facilities . 

Pro jected costs for regional facilit ies in the United States appear 
to be considerably higher than those for their European counte rpart s .  
The cost o f  facilities must be reasonable i f  the concept i s  to be 
accepted by smaller indus trie s .  Therefore , it is important to determine 
whether the se projected costs are accurate because competition may be 
re s t ricted if such centers are constructed . 

The two broad t echnical re search needs for regional centers are 
improved processe s and definitions of the wastes to be handled . These 
needs , o f  course , are not unique to regional centers . In  addition , 
health studies  of  worker s and the neighboring populace should be 
considered during the initial phases of  operation of a regional center . 
Economic optimi zation studie s concerning transfer and collect ion point s 
and transportation are essential for the implementation o f  this entire 
concept . 
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HAZARDOUS WASTE MANAGEMENT 

CHEMICAL AND PHYSICAL TECHNIQUES 

Al l  the disposal methods discussed in this report involve chemical 
and physical technique s .  Even those that  appear to be simply storage 
methods i nvolve physical and chemical techniques if one considers 
long-term problems of corrosion or mobility of chemicals in the 
environment . There are a large variety of  hazardous wastes and a 
substantial number of chemical and physical processe s .  The engineer must 
consider the alternatives for disposal of each waste . Re search must  
continue t o the point a t  which the characteristics of each applicable 
process are understood sufficient ly for design and economic evaluation .  

The chemical engineering community t raditionally has characterized 
chemica l  and phys ical techniques in terms of unit operations for the 
physical processe s and uni t processe s  for classes  of chemical reactions . 
Berkowi tz and coworkers ( 19 7 8 )  reviewed many processe s  and operat ions and 
discussed the characteristics and perceived prospect s  for waste t reatment 
using each of these operations and processe s .  They also identified those 
requiring add itional research . Most o f  these uni t operations and uni t 
processes are l isted in Table 1 . *  

A few o f  the unit operat ions listed ( e . g . , adsorption and ion 
exchang e )  a re effective in removing trace component s  from a gas or  liquid 
ef fluent s t ream , applications generally excluded from t hi s  study . When a 
dilute aqueous waste s tream ,  howeve r ,  i s  treated by a typical biological 
proces s ,  very minor amount s of toxic constituent s may inhibi t biological 
activity or may concentrate in the sludge and preclude an inexpensive 
sludge management opt ion . It might be necessary to remove or chemically 
modify highly toxic trace component s prior to biological or other 
treatment . For thi s reason,  all unit operations and unit processes have 
been left in  Ta ble 1 s imply because many applicat ions would be for dilute 
waste s . 

Many o f  the unit operations and unit processes in Table 1 were 
developed 40 or more years ago . There i s  a common misconception that the 

*Four were judged to be inapplicable for the treatment of hazardous 
waste , seven are based on biological treatment and are discussed later in  
this report , and some were combined . 

2 9  
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TABLE 1 Physical and Chemical Treatment Processe s 

Phy sical Processes or Unit Operations 

Stri pping--a ir or s team 
Suspension f reezing o r  freeze 

cry stallizat ion 
Ad sorpt ion (on  carbon , resin ,  

or o ther adsorber s )  
Centrifugation 
Di stillation ( including 

steam distillation) 
Elec trodialysis 
Evap oration 
Fi ltration 
Flocculation , precipitation , 

and sedimentation 
So lid-l iquid extract ion or dissolution 
Flotation and foam fractionation 
High-gr adient magnetic separat ion 
Ion exchange ( soli d-liquid or liquid-liquid ) 
Li quid-l iquid extract ion ( i ncluding liquid 

membrane s and supercritical technology ) 
Reverse o smosis 
Ul traf il tration 
Crushing and grinding 
Cryogenics 

Chemical Te chniques or Unit  Processes 

Ca lcination and s intering 
Catalysis 
Ch lori nolysis 
Elec trolysis 
Hydrolysis 
Microwave discharge 
Ne utralization 
Oxidation 
Oz onolysis 
Photolysi s  
Re duct ion 
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re search needs in t hese processes must be negligible . However , eng ineers 
attempting to apply liquid-liquid extraction for hazardous waste 
management , for example , of ten f ind the needed basic or fundamental data 
to be very meager .  

Selected areas i n  which re search should lead t o  new applications of  
technology are discussed below. 

Thermodynamic and Transport Propert ies of Ha zardous Ma terials 

Informat ion on thermodynamic and transport properties is required f or 
most o f  the techniques listed in Table 1 .  There i s  a continuing need for 
the experimental determination of  physical and chemical propertie s (in  
the broadest sense ) o f  various chemical species and their mixtures .  
There i s  also a need for improving correlations by which these propertie s 
can be e stimated in the absence of reliable experimental data . 

Supercritical Fluid s 

A supercri tical f luid with applicat ions to hazardous waste treatment 
may be thought of a s  a solvent , used somewhat above its  critical 
temperature and critical pressure . The solvent is normally predominantly 
a single substance � e . g . , water or carbon dioxide ) but other component s 
may be pre sent in addition to the waste being treated . Superior solvent 
propertie s are often accompanied by higher mass transfer rate s .  

There i s  current ly renewed interest i n  the use o f  supercri tical 
fluids in separation processe s .  Most applications involve fluid-liquid 
or f luid-solid extraction , but a hybrid process combining d istillat ion 
wi th extraction might be developed . Examples are the use of 
supercri tical C02 as an extractant in the f ood indust ry and o f  
supercritical toluene f or the ext raction o f  coal liquids . These 
processe s seek to utilize the superior solvency propertie s or unusual 
thermodynamic properties of  supercritical f luids to  achieve difficult 
separations . 

Supercri tical C02 has been used to regenerate carbon used for 
pesticide adsorption (Modell e t  a l .  1980)  and to extrac t polychlorinated 
bi phenyl s (PCBs ) from oil  (deFilippe 1982 ) . Supe rcrit ical water 
oxidation has been tested for destruction of  PCBs and several chlorinated 
hydrocarbons (Modell 198 2 ) . 

Once a hazardous material i s  dissolved in a supercritical f luid , a 
number of  possibilitie s for furthe r  treatment exist . The waste may be 
concentrated by further extraction or by d istillation for subsequent 
di sposal by another technique . If the waste molecules are relat ively 
large , e levated pressure and temperature may cause enough bonds to be 
broken that the material is no longer hazardous .  If the fluid is water ,  
many organic materials can be oxidized to such species as water and 
carbon d ioxide by introducing air or oxygen to the fluid . The proces s 
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then become s an application of  wet air oxidation , which i s  di scussed 
later in this report . De toxification with reactants o ther than oxygen 
might be attractive in certain applicat ions . 

Re search needs obviously depend on the proposed application , but 
there are some common aspect s of the research required . If the 
supercritical f luid i s  water , the high temperature and pre ssure required 
pose diff icult problems in selecting material s of construction . Thus ,  
corrosion a nd  s imilar s tudies are needed . Since the success o f  these 
proce sse s  depend s on the unusual thermodynamic properties of the 
supercritical f luid , these propert ies must be measured carefully . 
Specific heat and heat of mixing data become more important as the latent 
heat of vapori zation becomes a smaller factor or i rrelevant . Solubility 
studie s may also be required . Diffusivitie s of  different substance s in 
supercri tical f luid s and mass t ransf er coeff icient s at solid-fluid and 
liqui d-fluid interface s also should be measured . 

Li quid Membranes 

Li quid membranes refer to a relatively new deve lopment that might be 
considered a variant of  liquid-liquid extraction. In a liquid membrane 
system ,  small droplets of water c ontaining a surface active agent form an 
emulsion in an organic medium such as kerosene . This emulsion phase i s  
contacted ,  p erhaps countercurrently , with a n  aqueous solut ion containing 
hazardous waste s .  The objec t i s  to move the hazardous waste molecules 
from this  second aqueous phase through the organic oil  layer and into the 
internal water droplets of the emulsion phase . The driving force for the 
mas s transport i s  achieved by providing a chemical species inside the 
drops that react s with the hazardous waste . The resulting species must 
have low permeability through the organic o i l  layer surrounding the 
droplet s so that  the produc t formed from the hazardous molecule s doe s not 
d iffuse back into the aqueous liquid being detoxi f ied . The method i s  
applicable to the removal o f  relatively smal l  amount s of toxic molecules 
f rom predominantly aqueous mixture s .  An example could be the removal of 
pheno l f rom water . A base such as sodium hydroxide could be the reactant 
inside the sphere s .  Perf ormanc e of the system would be inf luenced , o f  
course , by the nature of the organic o i l  as  we l l  a s  b y  the other chemical 
sp ecies involved in t he separat ion. 

Liquid membrane development began in about 197 0 ( Li 19 7la and 
19 7lb) . As with other t echniques , the method has advantages and 
disadvantage s .  Additional research on these systems i s  warranted from 
the s tandpoint of potent ial applicability to hazardous waste treatment . 

Similar liquid membrane systems can be formulated wi thout the oil to 
improve membrane stability charac teristics . Instead of the thick oil 
layer ,  a bimolecular layer ( e . g . , 50 angs troas thick) of a surface active 
agent i s  u sed as  the membrane . Such spherical bilayer membranes , called 
ve sicle s  or liposomes , are extensively used in biochemical and bioaedical 
re search . Conceptually ,  the vesicles are the closest analogs of 
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biological membrane s and can be used for  any membrane-based chemical 
separation .  The separation can be enhanced by proper selection of the 
surface ac tive material as well as the reactive species encapsulated 
inside sphere s .  Re search on the design of vesicles for practical 
separation is in i t s  early stage s ,  and more work is warranted to define 
the potential of  these systems . 

Flotation and Foam Fractionation 

Bubbles ri sing through a l iquid may separate mate rial from the liquid 
by the three processes  referre d to  a s  convent ional flotation , mi cro­
flotat ion ,  and mic rogas di spersion ( MGD )  separat ion . The f i rst two 
methods , used extens ively in the mineral indust rie s , undoubtedly have 
applicat ions in the concentration of hazar dous waste s .  The purpose of  
thi s  section, however ,  i s  to  call attention to  the newe r MGD method , 
which was i nvente d in 1971 ( Sebba 1972 ) . 

An MGD consist s of a uniform dispersion in a liqui d of ext remely 
s mall gas bubbles .  Because of  the pre sence of surf ace act ive molecule s 
at  the ga s-liquid interface , the liquid in thi s region has different 
propert ies f rom the bulk liquid . As a consequence , the bubbles do not 
coalesce readily when they meet and instead rise unchanged in size to the 
top o f  the column of liquid without re leas ing any of  the material they 
have adsorbed ( Se bba 197 5 ) . An MGD can be held for  some second s or 
minutes bef ore it b reaks , depending on the concent rat ion o f  surf ace 
active material i n  the solution in which it i s  made ( Shea and Barnet t  
19 79 ) . It  c an,  therefore ,  be prepared in one apparatus and pumped to 
anothe r ( e . g . , a column) . Gene ration of an MGD is  described elsewhe re 
( Se bba 1 9 71 , Shaler and McLe an 19 75 , Shea and Barnett 197 9 ) . 

When MGD bubble s meet , they become linked to one another  by bridge s 
between the outer surfaces . Such aggregates of  many t iny bubbles behave 
somewhat like much la rge r drops of  low-density homogeneous liquid s .  Upon 
arrival at  the surface , the bubbles  in the MGD re tain their  adhe rence to 
each o ther and do no t tend to scat te r or lose the material they have 
adsorbed . The layer of "loaded" linked bubbles a t  the surface can be 
overflowed and allowed to break , fo rming a concent rate of the 
contaminants ,  o r  i t  can be d ried direc tly . 

One common requi rement of  MGD f o rmation and utilizat ion is  the 
i nt ro duc tion of a surface ac t ive chemical into the liquid of which the 
MGD i s  made . It s function in the formation of the MGD has been di scussed 
( Se bba 1 9 7 5 ) . As with conventional f lotation and microflotation , the 
adsorption function that make s the bubble s useful for ext rac tion pu rpose s 
i s aided by the presence of a s urface active agent on the bubble 
surface s ;  therefore , the su rfactant reagent s used mus t  be compatible wi th 
both the MGD generat ion proce ss and t he particular ext rac t ion purpose 
toward which the MGD flotation i s  d i rected . Thi s make s the selection of 
the optimum surfactant ( a s  well as  the optimum pH of  the inf luent and the 
use o f  flocculant s )  more complex whe n MGDs are used than i t  i s  in the 
less inter re lated processe s of conventional f lotat ion or mic rof lotation . 
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MGDs have the potential for ext racting toxic materials from water . 
There i s  an art , so far only partially developed , for picking a suitable 
surfactant f or removal of a part icular material . There are probably 
unsolved problems concerning the collapse and ultimat e di sposal of the 
f oam containing the toxic materials . The committee is  not aware o f  a 
commercial application of MGD technology . For at least some potential 
appl ications , the problem seems to  be more economic than technical .  
Continued re sea rch i s  warranted o n  the use o f  MGDs for removal o f  toxic 
substances from l iquids . 

Adsorption and Ion Exchange 

The use o f  ion exchange ( lEX) and sorbent materials ( porous resin 
beads wi thout exchange site s )  in  water treatment , chemical separations , 
and a variety o f  analytical methods is  well established . Ma jor 
advantage s of these material s are high capacitie s for exchange or 
adsorp tion, relat ively fast mass transfer rates , chemical and mechanical 
stability , suitability for continuous and recycling operations , and 
ver sat ili ty . Co st  of  the resin and regenerating chemicals as well as 
ultimate di sposal of the concentrated material are inherent problems . 
Mo st use s  o f  ion exchange or ad sorbent materials for t oxic and hazardous 
waste control would fal l int o one or both  of two major categories : 

1 .  Concent ration,  i solat ion, removal 

2 . Decontamination , detoxification.  

To i llustrate applications for these materials that should benefit  
f rom future resea rch,  two specific  problems are  discussed below . 

Treatment o f  Le achate from La nd fills 

A variety o f  toxic species c an leach from dumping grounds , landfill  
site s , and leach f ield s . Heavy metal ions are , of  course , among the 
o ffender s and c ould be removed by che lation onto solids in a variety o f  
ways ( e . g . , Chelex resins in the ca2+ form , prec ipitating resins , 
liquid chelating agents supported on inert mater ials) . It  would be 
important--as in mos t  other  applications--to minimize the pos sibility o f  
" f ouling " o f  re sins by appropriate pre treatment , by ad justing t o  
conditions ( pH,  etc . ) , and by us ing resins that are least  prone t o  
f ouling . 

Be side s the obvious heavy metal i ons there are numerous organic 
specie s that are likely ta rget s for removal by lEX. Chlorinated pheno l s  
( e specially pentachlorophenol and 2 , 4-dichlorophenol)  s imilar t o  o ther 
substituted phenol s ,  including ni trated phenolic s ,  could be removed by 
anion exchange re sins of  the conventional type s ince they are very 
strongly adsorbed . 
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Other o rganic specie s t ha t  cannot b e  reaoved this way could be 
oxid ized prior to such a reaoval operation ( phenolic and carboxylic 
groups are c reated which will permi t anion exchange sorption) . On the 
o ther hand , prior reduction of ni tro co.pound s t o  amines would make 
possible the�r removal by strong acid cation exchanger s  ( RNH2 + H+ � RNH)) that would , in any event , pick up most aromatics and 
heterocyclics containing tertiary nitrogens ( e. g . , At razine , Paraquat , 
"BZ" ) .  The possibility of detoxif ication by ad sorption or ion exchange 
pri or to land f i ll also should be considered. 

ApPlication t o Various Liquid Waste S treams 

Dilute aqueou s indus trial waste streams should be easy to concentrate 
( volume reduc tion) by IEX, and toxic traces could be reaoved in the same 
step . There are many possibilitie s ( e . g . , the corrosion inhibitor waste s 
from cooling tower blow-down) f or application of IEX or , aore likely , 
reactive ion exchange ( RIEX) . A aore dif f icult problem i s  posed by 
c oncentrated liquid waste because : ( 1 )  the "selec tivity" o f  conventional 
ion exchangers is greatly reduced by indi scriainate elec trolyte invasion 
( i. e . , the exchanger no longer " prefers , "  for example , p�+ over Na+) 
and ( 2 )  the res ins are soon exhausted at high e lectrolyte concent rations . 
Still , there are various poss ibilitie s ,  depending on the task at hand. 

Special conditions will exi st f or almost any type of waste ( e . g . , 
elec troplating waste pre sent s d ifferent probleas froa photo finishing 
waste ) .  However , the use of high capacity ion exchanger s ,  including 
inorganic exchanger s ( e . g . , zeoli te s )  should be investigated because of 
the ease o f  solid-l iquid phase separation and the outstand ing 
possibilitie s  for high selectivities based on chelating and other 
re active systems ( redox , precipitat ion) . 

The potentia l for recovery of st rategic and other valuable materials 
s hould be considered in conjunc tion wi th the pollution problem . Ion 
exchange ( i n  conjunction with othe r  treatment steps )  may be an 
appropriate t echnique to use. Se lec tive in situ reactions wi th 
exchangers in continuous fluidi zed bed opera�s should be considered 
among o ther approaches. 

Dewateri ng  of Sludge 

A waste disposal problem that has re si sted economi c solution by such 
uni t operations a s  evaporatio n ,  centrifugation , filtration , and 
sedimentat ion i s  the dewatering o f  certain slime s and s ludges. Current ly 
these material s often are placed in " settling pond s "  where the desired 
evaporation or settling fails to occur and the land area set a side for 
these pond s continue s to expand . There i s  a need for resea rch d irected 
toward a l ow-c ost process for removing the water from these materials so 
that ultimate di sposal ( perhaps by land t reatment , permanent storage , or 
landfi lling ) can be s impl if ied. 
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BIOLOGICAL TECHNIQUES 

Biological waste treatment i s  used widely for aunicipal and some 
industrial waste s but i s  less widely used for hazardous industrial waste 
treatment and disposal . One notable exception is the biological 
degradation that i s  part of the land treatment process used for 
industrial wastes . A discussion of land treataent is presented later in 
this report . 

Bi ological treatment involves the degradation of organics either by 
an indigenous aicrobial population or by organisas adapted to act 
specif ically on a compound or group of  coapounds . Both aerobic and 
anaerobic processe s  are used . The most coaaon biological trea�nt 
methods include activated s ludge , aerated lagoons , trickling f ilters , 
stabili zation ponds ,  and anaerobic digestion. Table 2 lists these and 
other biological treatment processes that can be used for the degradation 
of organic waste s .  These processe s  are generally used for the treataent 
of liquids or slurri es . Certain processes (co.posting and d igestion) can 
be used for slurrie s and solid s .  The design details and operational 
characteri stics of these systems are described in aany texts and 
ref erence s (Clark et al . 197 7 ,  Loehr 197 7 ,  Metcalf and Eddy , Inc . 197 9 ) . 

Only organic s that can be metabolized by the microorganisas present 
in the biological treatment processe s and under the operating conditions 
( t emperature , residence t ime ,  pH) of the reactors will be removed . In 
additio n ,  there wil l  be incidental physical reaoval of metals and 
nonbiodegradable organic toxic pollutants in biological treatment 
systems .  Thus , although biological treatment systeas are designed t o  
remove organics by aicrobial degradation , t here actually are several 
removal mechanisms that result in the detoxification of hazardous 
i ndustrial wastes in such systeas : microbial degradation , air s trippi ng , 
volatilization , and adsorption t o  the sludge or other solid s in the 
treatment system .  Other possible aechanisas include hydrolysis and 
photolysi s ,  but they play a ainor role in biological treatment processe s .  

In the treatment or disposal of hazardous industrial wastes , 
biological t reatment processe s are noraally only one component of  the 
sys tem that i s  used ( s ee Figures 1 and 2 ) . To realize the full potential 
of biological t reatment for the control and detoxif ication of hazardous 
i ndustrial wastes , additional i nformation i s  needed on the mechanisas of 
hazardous waste removal in biological systeas , on unconventional 
biological treatment processes that can be used , and on approaches to 
define the lower levels of toxicity of  hazardous industrial waste s .  

Insuff icient information exists on the aechanisas o f  removal of 
hazardous organic and inorganic pollutant s in biological t reatment 
systeas . Al though abundant information is available on the 
concentrations of  conventional and some toxic pollutant s in the influent 
and effluent of a biological treatment process or systea, there is only a 

liaited understanding of bow toxic pollutants are reaoved . Treatment 
process  performance data that permit input and output mass balances of 
pollutant s in all part s of a treatment systea .ust be obtained if the 
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TABLE 2 Coaaon Biological Treatment Processe s .  

Proces s Ae robic 

Act ivated sludge X 
Aerated lagoons X 
Oxidat ion d i t ch X 
Ox idat ion pond s X 
Tri ckl i ng  f i l t er s  X 
Ro ta t i ng  biological contrac tors X 
Liquid aerobic c ompo s t i ng  X 
Expanded bed re actors X 
Anaerobic lagoon s 
Anaerobic f i l t er s  
Anaerobic d ige ster s 
Compo s t ing X 
PACT pro ce s s8 X 

At tached 
Anaerobic Growth 

X 
X 

X X 
X 
X X 
X 

Suspended Waste Treated 
Growth Liquid s Slurries Solid s 

( S ludges ) 

X X 
X X 
X X 
X X 

X 
X 

X X 
X 

X X X 
X 

X X X 
X X X 
X X 

8A m od i f i cat ion of the a c t ivated sludge proce s s  that incorporates powdered ac tivated carbon in the aera tion basin . 

w 
..... 
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mechani sms of toxic pollutant removal are to be determined . With such 
fundamental knowledge available , better treatment processes can be 
developed and designed , better detoxification can be obtained , improved 
sys tem perf ormance can be at tained , and transfer of  toxic pollutants froa 
one medium to anothe r can be minimi zed . 

Studies to identify the mechanisms of reaoval that occur in 
biological treatment processe s  ( s tripping , adsorption , degradation , 
sedimentation ,  e tc . ) and to  re late these mechani sms t o the amount and 
type of  toxic pollutant removal that doe s occur are appropriate . These 
s tudies should evaluate processes (e . g . , those in Table 2 ) actually being 
or likely to be used to  treat hazardous industrial waste s .  Initial 
s tudies s hould include an intensive evaluat ion of available literature to 
identify and evaluate data on the mechani sms of toxic pollutant removal 
in biological treatment processes . In addition , s tud ies with commonly 
used biological treatment processe s  could identify the toxic pollutant 
removal mechanisms that occur under varying operating conditions . Other  
studie s  could investigate biological treatment processe s  that are not in  
common use but that have proaise . Ul timately , large-scale studies are 
needed to  verify result s from literature and laboratory studie s .  

The common biological waste treatment processes are identified in 
Table 2 ;  however ,  there are other  processe s  and approaches that have 
shown proai se and deserve further evaluat ion for use with hazardous 
indus trial waste s .  Among the more intriguing of these other processe s  
and approaches are thermophi lic aerobic treatment and genetic engineering . 

Thermophilic processe s  are high-temperature ( greater than 35 to  
400C) processe s . Almost all conventional biological treatment 
processe s operate in the mesophi lic teaperature range (about 10 t o  
300C ) and , i n  the winter , may operate i n  the psychrophilic range ( less 
than 10°C ) . Under normal conditions , thermophilic processes are rarely 
used for biological waste treatment because of the cost s of maintaining 
high t emperature s . However , with smaller volumes of concentrated organic 
waste s  (e . g . , some indus trial waste s )  theraophilic processes may have 
more potential . 

Thermophilic temperature s are automat ically achieved by compost ing 
processe s .  Traditional composting can be used with solid waste s and 
"l iquid composting" can be used f or slurries or concent rated liquid 
organic waste s .  In addition , many industrial waste s have temperature s 
c onsiderably above ambient , thus making consideration of thermophilic 
proces se s  more feasible . 

At high temperatures ,  metabolic react ion rates a re i nc reased , 
volatilization rate s are enhanced , pollutant reaovals are increased , and 
reactor volume requirement s are reduced . Certain hazardous industrial 
waste s have characteristics  that are amenable to thermophi lic processe s  
( high organic solids concentrations , a bove ambient temperature s ) . If  
succes sful , theraophilic processe s can achieve significant detoxification 
of hazard ous wastes under technically and possibly economically feasible 
conditions . 
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Almost nothing is known about actual hazardous waste removals and 
d etoxif ication with thermophilic biological treatment processe s . A 
research effort i s  warranted to explore thermophilic processes as 
potentially f easible biological detoxification processes .  The effort 
should determine : ( 1 )  the removal of toxic compounds that take s place in 
thermophilic biological treatment systems and ( 2 )  the pert inent design 
and operating parameters that affec t  such removals . Initial effort s  
should identify the e ffect o f  process variable s (e . g . , temperature , pH , 
oxygen transfer ,  solid s concent ration ,  retention time ) on the amount of 
detoxif ication that occurs . Subsequent efforts should involve larger 
scale studies  with actual wastes to verify and extend available 
i nf ormation,  evaluate relative economics ,  and deve lop reali stic des ign 
criteri a .  

Advances in molecular genetics i n  the past decade have made possible 
the rearrangement of genetic information in microorganisms . Improvement s 
in the biodegradation of toxic pollutant s through genetic eng ineering 
will ultimately rest  on the type of genetic manipulations that have only 
re cently been possible . 

Al though there has been rapid progre ss in the use of  genetic 
engineering t o  produce specif ic biochemicals , progress in the development 
of pollution cont rol technologies based upon genet ically manipulated 
organisms i s  i n  its  infancy . Specific problems still to be resolved 
include : ( 1 )  the ability o f  such modif ied organisms to survive in a 
treatment system , ( 2 )  their performance in the diverse nature of organic 
compounds in a typical industri al waste , and ( 3 )  the potential effect of 
introducing nove l organisms into the environment .  

Because a biological treatment system i s  not a c losed , environmentally 
controlled system and because the waste s being treated are likely to contain 
numerous organic compounds , genetically manipulated organi sms would have to 
exis t  and compete wi th indigenous organi sms .  Howeve r ,  i t  might be possible 
to have the genetically eng ineered organisms exist long enough to accomplish 
the desired degree of detoxification . A specific treatment or detoxif ication 
process will have a somewhat special set of conditions ( t emperature range , 
characteristic s ,  concentrations , etc . ) that will affec t  the design and 
operation of a genetically engineered system .  National Ins titute of Health 
(NIH )  guideline s on the release of genetically modified DNA to the 
environment will have t o  be reviewed and followed in developing any system 
using genet ically engineered o rganisms to detoxify hazardous wastes . 

At tempts  t o  use genetically engineered organisms for cont rol and 
detoxif ication of hazardous industrial waste s  have not been extensive . 
Be cause many wastes identified as hazardous are halogenated c ompounds , one 
pos sible f ruitful research area could be the use of genet ically engineered 
organisms to enhance dehalogenat ion reactions . Effort s in this area 
should include identif ication of : ( 1 )  genet ically adapted microorganisms 
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that can degrade potentially toxic organics better than exi sting 
microorganisas , ( 2 ) the reaovals that would occur with such 
aicroorganisms under closely controlled conditions , ( 3 )  the ability of 
such aicroorganisms t o  survive and compete in actual systeas , and (4 ) any 
potential danger should these modified organisas remai n in the 
environment . 

In addition to c onsidering dehalogenation , a li terature review and 
data evaluation of the possibility of genetically adapting microorganisms 
f or the degradation of other hazardous industrial wastes should be 
conducted . The proces s and operating conditions under which the adapted 
microorganisms could be utilized to detoxify different hazardous wastes 
should then be identified . 

Biological treataent processes are designed and operated to aeet 
specific performance criteria . Normally , these crite ria relate to the 
re duc tion o f  conventional pollutants affecting factors such a s  
biocheaical oxygen demand ( BOD )  and total suspended solid s ( TSS) . 
Me thods f or aeasuring BOD and TSS are well established and used routinely . 

Biological t reatment processe s  used to detoxify hazardous industrial 
wastes have as their object ive reduc ing the toxicity of hazardous 
indus trial waste s  as well as the BOD , TSS , and other conventional 
pa rameter s .  Unf ortunately there are no s imple , readily available aethods 
that treatment plant personne l can use to establish when adequate 
detoxification has occurred . Thus , there are no accepted performance 
parameters that can be used for the design and operation of biological 
detoxificat ion systeas for hazardous industrial waste . Biological 
aeasuring me thod s ,  such as BOD , produce erroneous result s if the 
aicroorganisas are i nhibited by toxic compound s .  

To overcome thi s diff iculty , broad spectrum and specific chemical 
analyses are being developed . The broad spectrum analyses attempt to 
quantify a range of specific cheaicals or classe s of cheaicals found i n  
industrial wastes . S pecific chemical methods o f  analysis measure the 
presence and concentration of  a compound or clas s of chemicals . Such 
analyses will not identify if a "hazardous " constituent is being degraded 
unles s  the constituent i s  known . More appropriate method s , short of fish 
bioassay methods , must be developed to : ( 1 )  determine i f  treated 
indus trial waste i s  toxic , ( 2 )  estimate the degree of toxicity that may 
exist , ( 3 )  determine the amount and rate of detoxi fication that occurs 
with biological treatment processe s ,  and ( 4 )  provide measures of 
performance that can be used for design and o peration of biological 
t reatment systeas for hazardous indus trial waste s .  

Measurement o f  potentially toxic organic s i n  industrial wastes , 
ef fluent s ,  and stabilized solids continue s to be costly and i s  not done 
rout inely . Le ss c ostly and more rapid analytical approaches are needed 
to reduce monitoring and coapliance cost s and to provide greater 
i nf ormation on the amount and type of toxic materials entering and being 
di scharged from hazardous waste treatment facilitie s .  These approache s 
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also are needed to determine when a waste i s  no longer toxic and t o  
establish system perf ormance and goals ( i . e . ,  the sat isfact ory leve l o f  
detoxif ication and the degree o f  treatment tha t  should be achieved ) .  

Al though such t oxicity assay methods are relevant t o  other treatment 
and di sposal processe s ,  they are part icularly pert inent to biological 
tre atment systems . Biological sys tem perf ormance de pends on factors that 
affec t biological activity rather than on the identity or de struction of  
sp ec i f ic chemicals . Thus , i t i s  important to develop more rout ine 
analyt ical methods that can estimate or measure the toxic pollutant , the 
pollutant removal that occurs in biological treatment processe s ,  and the 
impac t of toxic pollutant s on many forms of biota in  the environment 
( i . e . , microorganisms and higher forms of aquat ic and terrest rial l i fe ) . 
The me thod s should be sui table for  analysi s of  wastewate r ,  sludge , soi l , 
and the atmosphere . 

In summary , several major re searc h e fforts are needed to  achieve 
better use of biologica l  treatment proce sse s  for the control  and 
detoxif ication o f  hazardous i ndustrial wastes . The major research needs 
are : 

1 .  Identi ficat ion o f  the removal mechanisms f or component s  of  
hazardous indus trial wastes so that better treatment proce s se s 
can be developed and so  that t ransfer of  toxic pollutant s from 
one medium t o  anothe r  wi ll be minimi zed . 

2 . Evaluat ion o f  aerobic thermophi lic processe s for detoxi fication 

of  haza rdous indus trial waste s ;  such processe s may be 
t echnically and economical ly feasi ble with conc ent rated organic 
indus trial waste s .  

3 . Evaluation o f  the potent ial of  genet ically adapted 
microorgani sms to detoxif y  specif ic hazardous industrial waste s .  

4 . De t ermination of  analy t ical methods , short of  f ish bioas say 
method s ,  tha t can provide measure s of detoxif ication when 
biological treatment proce sses  are used ; such met hods should be 
capable of routine use . 

LAND TREATMENT 

Land t reatment is the use o f  a soil system or a vegetat ion-soil 
system as  the ultimate receiver of  a waste . The hazardous waste 
materials applied t o  the land may be slurries , s ludge s ,  untreated wastes , 
re sidue s , or solid waste s .  Typical ly , the waste s are mixed wi th or 
appl ied to the surf ace z one (0-1 f t )  of the land . Chemical and 
biological react ions then break down a po rtion of  the waste , adsorption 
and f ixat i on occur f or other port ions , and contro lled migra tion (wi thin 
drinking water standard s )  is allowed for certain anionic inorganic 
frac tions o f  waste (nitrate , chloride , etc . ) .  Land applicat ion is not 
landfilling or waste storage ; rathe r ,  it i s  a viable method of long-te rm 
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treatment . W ithin a s hort period af ter c losure o f  an a rea used for land 
treatment , such a site , if  designed appropriately , can be used for 
agri cultural production ( i . e . , the land area is not rendered permanently 
res t ricted in use ) . 

It mus t be recogni zed that land t reatment systems may require 
substant ially more design and monitoring than othe r  more widely used 
and/or  recognized t echnologies . Ac t ive full-scale system monitoring and 
resea rch are presently being undertaken on air emissions , hazardous 
organi c compound degradation ,  and c losure o r long-t erm agricultural or 
societal use . However ,  the technical capability to manage vi rtually all 
types of  wastes and the generally attrac tive economics make land 
treatment viable , even with design and monitoring requirement s , in a 
substantial number of  situat ions . 

The key to hazardous waste land t reatment systems i s  the utilization 
of an overal l  design approach ( Brown and Associate s ,  Inc . 1980 ,  Loehr 
19 76) . Thi s is necessary to land treat the widest  variety of  hazardous 
industrial materials under very diverse site  condit ions . Most waste s ,  
inc luding those c ontaining industrial organic and inorganic c ompound s ,  
high levels of metals , toxic compounds ,  priority pollutant s at any 
conc entration , s alt s ,  acids  or base s ,  pathogens , large liquid volume s ,  
and a variety of  other  specie s ,  have been treated succes sfully by land 
ap pl icat ion within the a ssimi lat ive capaci ty of the soil . At pre sent 
there are approximately 200 hazardous waste land treatment systems in the 
United States and over 1000 such systems for nonhazardous industrial 
wast e .  

The design o f  i ndustrial land treatment systems f or hazardous wastes 
centers on two primary tasks : ( 1 )  the detai led specif ication of the land 
tre atment a rea  re quired and the cri t ical was te const ituent s c ontrolling 
thi s  land area and ( 2 )  the engineering specif ication of the land 
treatment c omponent s neces sary t o  implement a c omplete system . 

The f i rs t  of  these tasks involve s comprehensive waste 
charac teri zation ( typically 20 t o  30 parameters)  and the ve ry important 
assessment of the actual site capabilitie s (vegetation , topography ,  
groundwater , soils , e tc . )  for land t reatment . Many areas o f  expert ise 
are necessary t o  accomplish thi s  first  task so that the object ive of  
successful , long-t erm p erf ormance without adverse environmenta l  impac t i s  
reali zed i n  management o f  hazardous waste s .  

The second design t ask involve s some of  the land treatment system 
component s mos t  commonly as sociated with the land application of  al l 
types o f  waste . The most f amiliar are the e quipment used t o  spread wa ste 
on the land surface (e . g . , spray irrigation , tanker hauling and 
spread ing , center p ivots ,  soi l injec t ion ) . However , many more component s 
such a s  monitoring , land preparation , agricultural or silvicultural 
crops , s torage , t ransmission , buf fer zone s ,  c lo sure and post-c losure 
procedure s ,  security , and aesthetic s  must be considered in the overal l 
system design. Only with detailed specif icat ion , preparat ion of drawings 
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and/or manuals ,  and inclusion of all e ssential component s of a land 
treatment system will thi s hazardous waste management opt ion be assured 
of succes sful , cos t-effective , and efficient operation and performance . 

Increasing number s of industrial facilities represent ing virtually 
all of the standard indus trial categorie s are adopting land treatment for 
hazardous wastes because of i t s  very distinc tive economic and technical 
advantage s ( Brown and Associates , Inc . 1980) . Thus ,  it is correc t to 
state that almost all hazardous wastes (except radioac tive materials ) can 
be managed by a land treatment system meeting high level s of 
envi ronmental and health s tandard s .  However , this approach may not be 
cos t-effective in every instance because of the amount of land required . 
Thus , the economies o f  land treatment systems a s  we ll a s  the technical 
des ign crite ria determine whether the land application alternative i s  
selected f or management o f  hazardous wastes . 

Based on a comprehensive review of land treatment of hazardous 
wastes , the c ommittee ident if ied a variety of research and development 
need s . These are described below in ap proximate order of importance . 

In an emerging technology such as land treatment , inf ormation on the 
behavior of waste constituent s in soi l from readily available source s ,  
when veri f ied , allows transferability o f  design cri teria.  This reduces 
the need for extensive research effort s on every waste and every site . 
For each category of industry , waste compos ition and s trength varie s 
considerably from plant to plant . Such variations make experimental 
determinations of land application loading rates infeasible for e ach 
industrial facility . A further di sadvantage of the repetitive 
experimental approach of field tests f or each new waste or site i s  the 
time for completion . One t o  three year s of testing impose s a substantial 
economic penalty due to inf lation. These and other f actors lead to the 
conclusion that � priori design tools are an es sential need for thi s 
technology . 

The a ssimilative capacity of a t errestrial environment i s  determined 
by the rate s of degradation and/or  the amount s of organic s tha t  are 
degraded , the hazardous waste c omponents that are rendered nonhazardous , 
and the inorganic contaminant s (including metal s )  that are immobilized . 
The capacity i s  variable , depending on specific site condit ions , was te 
propertie s ,  environmental conditions , and management . The technique s 
used t o  d etermine the a ssimilative capacities are not c ompletely 
standa rdized , and further research on as similative capacities is needed 
so that the design and operation of  land treatment fac ilit ies can be 
optimi zed . Both field and laboratory technique s can be ef fective in 
determining assimilat ive capaci ties . 

The determination of assimilative capac ity for organics centers on 
measurement s o f  half l ife and other pertinent factors in  the loss rate 
from a soil system . Organic adsorption and mobility are important 
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factor s .  Immobili zation reactions and equilibria in soils are the basis 
for managing metals and , thus , determine the assimilative capacity when 
these are pre sent . These same phenomena dictate the re sponse of 
vegetation to metal s and , hence , c losure re s triction s .  

Documented economic studies are also important in the acceptance o f  a 
technology even when it  i s  low coat . Thus ,  economic evaluation research 
i s cri tical to the broad use of land treatment . Estimates of the design 
cost a for individual component s ( storage , application systems , 
moni toring , e tc . )  and the overall industrial costa for operating 
hazardous waste land treatment systems should be made . Common economic 
bases should be used to allow compari son to other hazardous waste 
technologie s .  

A wide range of land treatment systems i s  being used for the 
management of hazardous wastes even though the cost a have not bee n 
thoroughly analyzed or published . These systems vary in t erms of the 
type and location of land areas used and the physical and chemical 
charac teri stics of the waste treated . The determination of capital and 
operating cost a as well a s  the technical specifications for these systems 
will provide a good overview of the economics  (mean values and extremes)  
of land treatment . These data should be organi zed to establish the 
effect of s ize and other· relevant variable s and should provide regulatory 
bodie s and indus try with the information they need on land treatment to 
make deci sions regarding hazardous waste alternative s .  Further , a more 
detailed understanding of land treatment system economics and efficiency 
can be gained by developing coat curves f or the individual equipment and 
facilitie s that comprise full-scale industrial system s ;  information on as 
many of  the existing land treatment sites as possible should be inc luded . 

In certain hazardous waste management situations , the combinat ion of 
land treatment and waste modification in-p lant or by pretreatment can 
coat lea s than land treatment alone . For example , selective reduc tion of 
certain fractions of the waste may minimi ze the overall coat of a 
pre treatment and land application system . Thi s balance of options should 
be examined in detail as  a mechanism for reduc ing the coat of hazardous 
waste management by land treatment . 

The plant-soil system has a unique capability for treating hazardous 
waste s .  The limitation on these capabi litie s i s  that some constituent s 
re quire more land area than others , baaed on the mass pre sent in the 
waste and the assimilative capacity of the given plant-soi l system . 
Re search i s  needed to establish what pre treatment or i n-plant options are 
available to reduce the amount s of those constituent s  that moat inf luence 
the amount of land required . With the definition of available 
pretreatment technology , the levels of removal and the corresponding 
costa must be documented . Compari sons can then be made between the se 
pretreatment or proces s modif ication expenditure s and land treatment 
costa to establish a coat-e ffective c ombinat ion that wi ll meet all 
environmental standard s .  
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The des ign criteria and procedures exis t  to land treat almost any 
industrial waste ( hazardous or nonhazardous ) .  However , many industries 
and plant personnel have only a vague concept of land treataent and , 
hence ,  are unaware of this technology for their specif ic uae . To solve 
thi s  problem , a aeries of iaduat ry-apecific document s and other 
inf oraation transfer aida are needed . Wide d istribut ion and use of such 
document s should increase the uae of land treatment or pretreatment and 
land application for hazardous vaatea . 

Land t reatment ia  currently used aoat widely in the food and 
petroleum indust ries . There i a  a need to  ident ify , with some priori ty , 
other waste categories that can be treated by this technology . Since a 
very large number of categories will probably be involved , this re search 
should focus on those designated aa having the greatest impac t with 
re spect to hazardous industrial vaatea . 

In conclusion, several major research and development investigat ions 
are necessary to broaden s ignificant ly the use of land t reatment for 
hazardous waste s .  These major needs are : 

1 .  Subs tantial expansion o f  the system design data base f or land 
treatment with an emphasi s  on transferable laborato ry-scale 
inf ormation and verification in selected f ield-scale systems . 

2 . Documentation of the econoaic a of full-scale hazardous waste 
laud t reatment ayateas , including costa of the individual f ield 
component s of the total ayatem . 

3 .  Technical and economic cons ideration of process modif ications or 
pret reatment in combination with land treatment to yield a lover 
total ayatem coat t han land t reatment alone . 

OCEAN ASSIMILAr iON 

For many years industrial waste has been dumped into the oceana . All 
too of ten , thi s  baa been done iadiacriainately , with litt le thought given 
to regional charac teri stics , waste type , oceanic conditions , and t he 
presence of endangered specie s .  �xceaaive l�vela of hazardous pollutant s 
i n  near-shore locat ions , increased concent rations of toxicant s in marine 
life , and curtai led recreational and commercial opportunities have 
re sulted . 

Va rious nations have responded t o  the threat , and some ,  including the 
United State s , have simply . banned oce,an waste disposal operations . It ia 
the opinion of this c ommittee that .the complete ban that vas to be 
effective December 31 , 1981 , should be reconsidered . A cohesive research 
and developaent prograa should be designed and implemented to ident ify 
conditions whereby the oceana could be used for di sposal without hara to 
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the public or the environment . The committee recommends the 
consideration of two approaches for utili zing the ocean f or a ssimilating 
wastes : controlled ocean dispersal systems and controlled ocean 
conf ining systems . 

Controlled Ocean Di spersal Systems 

The assimilative capacity of the ocean for waste has long been 
discussed . Both the positive and negative factors have been considered .  
During the 1970s there was general opposition to ocean duaping . This 
attitude was similar to the concerns about open-burning dumps in the 
19 50s and about polluting incinerators in the 1960s . The public 
opposition to uncontrolled open-burning dumps and polluting incinerators 
s timulated the development of sani tary landfi lls and modern resource 
recovery plant s .  Likewi se , the concern about ocean dumping should 
stimulate development of a new concept , that of controlled ocean 
di spersal systems . 

The word "controlled" refers to the science aDd engineering that 
minimize environmental damage and to the use of reliable equipment and 
the achievement of a reasonable cost . The word "ocean" includes the 
Pacif ic , the Atlantic , the Caribbean , and the Gulf of Mexico ( i . e . , the 
bodies of water contiguous to the continental United States ) .  The word 
" system" refers to the t.otal process , starting at the port . Included in 
the system are any port side pretreating processes of  mixing , 
physica l-chemical treatment , encapsulation , etc . , loading onto ships (or 
into p ipelines ) ,  and transport . The most important activity in the 
system ,  howeve r ,  i s  the actual di spersion of selected waste s into the 
ocean.  

The commi ttee ' s  opinion i s  that a total ban on  ocean disposal of  
waste i s  unnecessarily res trictive and not in the public interest . 
Ra ther , it  believe s that a controlled ocean dispersal system, when used 
properly , can be an effective technique for waste management . No . 
technique o f  waste disposal i s  without problems . Continental landfi lling 
can pose the threat of drinking water conta.ination . Land-based 
incineration and energy recovery systems , even though optimally 
controlled , can still emit subaicron-size particle s and gases that are 
object ionable . The c ommit tee recognizes the need for a considered 
balance between land and ocean operations , both properly controlled . 

Considerably more information is  pre sent ly available regarding the 
interaction of wastes with marine and fresh water systems than wa s  the 
case even three or four years ago . Ef forts by such groups as the 
Environmental Protection Agency; universities along the Atlantic , 
Pacific , and Gulf Coast ; public and private research laboratories; 
oceanographic institute s;  aDd , in the case of the Great Lake s ,  the 
International Joint Commission and Canadian Center for Inland Waters have 
added considerably to the body of knowledge concerning marine physical , 
biochemica l ,  and chemical processes . Additional basic data  on water aasa 
movement s ,  transport rates from water to sediment s , biological 
mobili zation of materials , and other pertinent processes also are 
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available . Inf ormation like thi s can be inco rporated into the 
mathematical model s  of ocean dispersal that are under development . 

Thi s i s  not to say that all of the questions have been answered or 
even addre ssed but only that a reconsideration of ocean dispersal in the 
light of the current state of the art i s  warranted . For example , there 
i s a serious pollut ion problem of unproven origin in the Baltic Sea 
( Davi a 19 81) . The coastal areas of Poland , Latvia , Lithuania ,  Estoni a , 
and the Gulf o f  Fi nland near Leningrad are extensively polluted . Dead 
fish and fish with carcinoma s and melanoma s are being caught . Some claim 
that the situation is not related to ocean waste disposal whereas others 
blame such practice s .  Implementation of a properly designed controlled 
ocean d i spersal system should prevent such conditions ; however , before 
proceeding too fa r ,  the United State s must understand the cause s of thi s 
and o ther phenomena . 

The o lder ocean dispersal procedure s need to be reviewed f or their 
relevance t o the principle s  of RCRA. Part of thi s review has been 
accomplished in support of the New York 106-mile acid bight . The 
International Agreement on Ocean Di sposal of Waste ( the London 
Convention) that limits  ocean dumping also needs to be conside red . 

A tiered deci sion-making approach need s to be developed . Thi s could 
take the f orm of a series of screening approaches or could use a cri tical 
path scheme , a decision tree , or some other management too l .  

Numerous scient if ic i ssue s need t o  be researched . These include : 

1 .  Classif ication of different site s  for different kind s of waste s .  

2 . De terminat ion of the t ime of day or t ide position most 
ap propriate for di scharge . 

3 . De termination of whether seasonal variations affect the 
applicability of thi s technique . 

4. Identif ication of conditions for utilizing the continental she lf 
or the trough or the slope in the abysmal regions . 

5 . Identification of available d i spersion techniques . 

6. Development of time release me thod s .  

1 .  Development of monitoring procedure s .  

8 .  Development o f  models  o f  suff icient accuracy t o  predic t the 
transport , the ult imate fate ,  and the ecological impact of 
di spersing waste s .  

9 . Identif ication of special procedure s required f or special wastes 
( e . g . , PCBs ) . 
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10 . Identif ication of synergistic effec t s  of combining pollutant s .  

1 1 .  De terminat ion of  maximum allowable concentration levels for 
various substances . 

12 . Tracking of  d ischarges , both spatially and t emporally . 

13 . Identif ication of animal s and vegetation that should be 
protec ted and animals and vegetation to  be sampled as effective 
predictors  of adverse affec t s .  

14 . Bi ological concentration of t oxic materials . 

The objective of thi s research i s  to develop a collection of 
knowledge that make s possible the use of controlled ocean dispersal 
systems to di spose of selected waste s on a continuing basi s in the ocean 
with negligible damage . The output of the re search i s  e s sent ial to  the 
treatment , storage , and di sposal community that desire s  t o practice 
controlled ocean d i spersal and to the u . s . Environmental Protection 
Agency and other regulator s that must approve or disapprove of such plana . 

Controlled Ocean Conf ining Systems 

In c ontrast to the concept of controlled ocean d ispersal systems , 
there i s  the potent ial for proper wast e management in the development of 
controlled ocean conf ining systems . This c oncept attempts to  take 
advantage of  natural material " sinks " in the ocean . 

Re search i s  needed to determine whether waste can be adequately 
conf ined by placement in  deep trenche s where the flow velocity i s  ve ry 
low.  Possible ecological consequences and containment requirements 
should be identified . 

Gr abens are e longated depre ssions of the earth ' s  crust between two 
paralle l fault s .  Often these grabens are f illed wi th sediment . 
Ha zardous wastes c ould be i njected into these sediment s i f  i t  could be 
determined that thi s resulted in immobi li zation . The locations of 
appropriate grabens and the t echniques needed to  utilize them need to be 
investigated . 

Sub-seabed o r  "a t-s ea d eep well" i njec tion has been mentioned as a 
me thod to  store waste i n  a concentrated fora ( Davi s 19 81) . Appropriate 
under-s eabed formations such as salt domes are known, and shafts could be 
sunk and waste injected . The technique i s the same a s  land-based deep 
well  i njec tion , except that the i nject ion point at sea would be an 
of f-shore platform or a ship . Recent di scovery of a natural auction f low 
o f seawater beneath c ertain areas of the ocean may provide clues for 
locat ing feasible injection regions ( Davi s 1981) . 
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INCINERATION 

The thermal oxidat ion in excess air of industrial organic waste in a 
combustion reactor where ash,  combustion f lue gases , and heat are 
produced i s  commonly called incineration . Typically C02 , H20 ,  aDd 
ash are produced , but other combustion product s such as so2 , NOz , 
BCl , and metal oxide s may be present and require control .  

Pyrolysis i s  differentiated from incinerat ion only i n  that t he  
starting material s are heated in a def iciency or absence o f  oxygen ( i . e . , 
less than stoichiometric )  to y ield products such a s  CO ,  NO , BCl , Cl2 , 
volatile hydrocarbons , pyrolytic oils , metals in the vapor state , and 
char. Sometimes , to  produce the required heat , limited amount s  of 
pyrolytic gas or oil product s are recycled to the reacto r .  Manufacturers 
offer thermal reactors both f or incineration (excess air) and pyroly sis 
(air def icient ) applicat ions . 

Thermal reactors for  the d i sposal of  hazardous wastes can be 
categori zed as follows : 

1 .  Af terburning combustor 

2 . Catalytic incinerator 

3 .  Cement kiln with waste a s  a f uel supplement 

4 .  Conventional boiler with liquid waste a s  a fuel supplement 

5 .  Co nvent ional boiler with refuse derived fuel 

6 .  Elec tric furnace 

1 .  Fluidized bed iac inerator 

8 .  Gas and fwae incinerator 

9 .  In-drwa pyrolyzer 

10 . Liquid injection chamber 

1 1 .  Ma ss burning refuse f urnace 

12 . Microwave plasma energization 

13 . Modular package refuse incinerator 

14 . Molten salt reactor 

15 . Open pit burning 

16 . Plasma arc 
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17 . Rotary hearth ( single and multiple tray s ) 

18 . Ro tary kiln 

19 . Solar furnace 

20 .  S pouted bed 

2 1 .  Submerged flame incinerator 

22 . Supercri tical water reactor 

2 3 .  Vertical shaf t--moving bed (ve rt ical packed be d )  

24 .  We t air oxidat ion 

Many of these reactors can be operated in e ither the i ncineration or 
the pyrolytic mode . Of ten a pyrolytic unit is followed by an 
af ter burning combustor that immediately convert s the pyrolysis gase s t o  
fully combuated f lue gase s .  Reactors are designed considering the 
vari ables of  waste input type , temperature , re sidence t ime ,  air supply , 
and turbulence . 

Wa ste input t ypes can be solids , sludges ,  s lurries , liquid s ,  o r  
gase s . A differentiating character of the waste input type i s the 
re frac tory nature of the waste . The term "refractory" refers to the 
diff iculty of  destruction , usually meaning a need for greater 
temperature s , longer re sidence t imes , i ncreased air supply , and higher 
turbulence . Pyrolysi s proponent s advocate carrying out incineration 
processes in two s tages , f or refractory was tes can often be treated using 
lea s  extreme value s of these four variable s in an initial pyrolysis 
re ac tor . 

Inc ineration Re search and Development Ne eds 

Fo r al ready proven technologie s , re search and development need s can 
be l is ted as follows : 

1. Improvement s i n  destroying re fractory wastes 

2 .  Lower (pyrolysi s )  or highe r ( incineration) temperature s 

3 .  Shorter ( i ncineration) o r  longer ( pyrolysi s )  residence t imes 

4 .  Les s  exces s  air and higher eff iciency 

5 .  Hi gher ( incineration) or lower ( pyrolysi s )  turbulence 

6. Longer operating cycle t ime s wi thout damage to material s of 
construc tion ( refractory brick and s teel boi ler tubes)  
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1 .  Greater deatruction eff iciency 

8 .  Hiaher acale-up quantitiea 

9 .  Safer (nonexploaive ) operatina conditions 

10 . Ability to accept areater variability in input waste 
characteristics 

11 .  Be tter enviroa.ental controls 

12 .  X.proved materials handlina and feedina techniques 

13 . Lowr coats and hiaher eaeray revenues 

14 . Portabi lity for use at d ifferent locations 

15 .  Wide ranaiaa turn-d own aDd turn-up ratios 

16 .  Less use of eaeray to drive the thermal process 

17 . Improved catalysts and cocatalysts for special systems 

1 8 .  Faster sensors and continuous monitors for better control 

This i s  a listiq of the evolutionary developments needed so that 
existiaa commercialized syat .. a can operate in an improved fashion. The 
committee believes that research aDd development to advance technoloay i s  
a continuous and aever eudina challeqe in these areas . The exac t nature 
of  the research and development needs varies  depending on the reactor 
type , the manufacture r ,  and the reactor model .  

Use o f  Exi stina Boilers 

Present ly , RCIA rules exclude from reaulatory consideration hazardous 
waste material that i s  used as a boiler fuel  to produce usable steam 
reaard less of the fuel ' s  inherent hazardous propertie s .  At some future 
time when the need for and the kind of reaulation has been determined 
these fuels may be reaulated more c losely by RCIA. The commit tee 
endorse s the controlled recovery of the thermal value s in thi s manner , 
provided that this i s  doae safely and without adverse environmental 
effect s .  

It i s  wel l  known that boilers optimally designed f or c ombustion o f  a 
particular fossi l fuel (coal , oil , or gas )  are no t  designed for 
combust ion of another fossil fuel or other miscellaneous materials . Coal 
fly ash,  for example , can clog spaces in the closely positioned tube s of 
a gas-f ired boiler . Conversely , natural gas combustion products will 
pas s wastefully throuah the larae open space s between the tube s of a 
coal-f ired boiler . 
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Considering waste as  a f uel , it is important t o  note t hat each waste 
has combustion characteristic s  that vary from batch t o batch.  
Nevertheles s ,  hundreds of different kinds of  was tes could be  used to  fuel 
boiler s i f  saf e operating parameters were known . 

Some plant eng ineers and boi ler operators may not know the c ombustion 
conditions in their furnace s and boi ler s ( i . e . ,  the residence t ime , 
temperature ,  turbulence , excess air , e tc . )  because such knowledge 
previously wa s no t critical . Even assuming that these conditions are 
known , they have generally not been compared with the c ondit ions required 
for the proper destruction of organic waste s that might be injec ted . 

Re search i s  needed to relate the operating condit ions i n  exist ing 
furnace s and boi lers to the des truc t ion requirement s for various 
indust rial wastes . 

In summary , the general research need i s  t o  determine the c ondit ions 
under which exi sting furnace and boiler systems will de stroy hazardous 
industrial wastes without attendant problems . 

Ocean Platform Incineration 

Dr i lli ng platforms no longer in use have been proposed as potentially 
environmentally safe site s  for research and operational studie s of 
i nc ineration (Johnson et  al.  19 81 ) . Re sults of  a pre liminary s tudy 
(Johnson e t  al . 19 81)  indicate that a rotary ki ln incinerator wi th a high 
t emperature af terburner capable of  destroying a wide range of waste types 
at a rat e of  up t o  three metric tons per hour can be installed on a 
typical - platform along with the necessary support f acilities . An 
environmental assessment of  wors t-case ai r and water quality impac t from 
routine was te inc inera tion at one specific platform revealed 
insignificant effec t s  on air quality at the neares t  land point and on the 
platform .  Ef fects o n  water q uali ty will not be signif icant for most 
waste s .  

Re search s hould consider the probabi lities and consequences o f  major 
upse t conditions . In addition , portside siting , design , and cons truction 
must be i nvestigated . Using a d i stant platform f or combust ion does not 
eliminate public que stions on safety i n  the port city . Inland 
transportat ion infrastructure s such a s  rail and t rucking must also be 
studied . When these mat ters are re solved , an incinerator should be se t 
up on  a p latf orm and a thorough evaluation of  i t s  perf ormance i n  
di sposing of hazardous wastes should b e  unde rtake n ,  paying particular 
attention to those aspects  that are peculiar to  ocean-based operation.  

Ocean Shi pboard Incineration 

Po licy re search i s  needed t o  clear the air for f uture ac tion with 
regard to ocean shi pboard hazardous waste incineration . Europeans have 
been incinerating i n  thi s  manner for years . The M/T Vulcanus , the K/B 
Vesta , and the Mathias II current ly operate from Europe , and experi�e 
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is  extensive . In the United State s in recent years , numerous studie s 
have been perf ormed by consultant s and a government interagency ad hoc 
work group ( U . S . Maritime Adminis t ration 1980) . On December 19 , 1980 , a 
meeting was held in Re ston,  Virg inia , and cri tical comment s on 
environmental compromise s and spec ial marine financing were made by 
re pre sentative s of the land-baaed i ncineration indus try . Since that 
time , the government has halted funding of the development of shipboard 
inc inerators and the privately funded construction of  f ive American 
vessel s ha s  been announced . On the other hand ,  the West German 
government i s  preparing a ban on incineration of toxic organics at sea 
( European Chemica l News 1981) . 

The recommendations of  the interagency ad hoc work group f or the 
Chemical Waste Incinerator Ship Program ( U . s . Maritime Adminis tration 
19 80 ) have been reviewed by the c ommittee .  These provide important input 
to future research and development planning . Identif iable areas where 
re search i s  needed include : 

1 .  Perf ormance o f  d ifferent thermal reactors under varying 
conditions of pitch , yaw, and vibration as wel l  as in the salt 
water environment . 

2 . Studies of the state of  the art leading to  evolut ionary 
development of better ships by studying operations on the M/T 
Vu lcanua , the K/B Ve sta ,  and the Mathias I I . 

----

THERMAL METHODS 

Thermal methods of hazardous waste disposal include broad categories 
of technology tha t are baaed on the application of heat (energy ) to 
accomplish decomposition and/or detoxificat ion of hazardous materials . 
These method s generally re sul t in  a transformation of the chemical 
composition of the material being treated ( e . g . , combustion producing 
C02 , H20 ,  etc . or pyrolysi s  producing oil s ,  lighter hydrocarbons , 
etc . ) .  

Conventi onal i ncinerat ion and s imi lar open f lame combustion processes 
have already been di scussed and will  no t be considered further here . 
Ra ther , this  discussion will focus on lesser known and lesser developed 
thermal degradation methodologie s such as plasma are a , fluidi zed bed . 
combust ion methods , molten salt systems , pyrolysi s processe s ,  and o ther 
related option s .  

Thermal methods o f  di sposal of  hazardous industrial wastes offer 
several distinc t advantage s ove r some alternative s  such as  landfilling , 
not the least of  which i s  that the was te i s  e s sent ially totally destroyed 
and detoxified immediately . Toxic material s are converted t o  basic 
constituents such as  water , C02 , a nd  o ther "s afe" molecular species 
that can be handled readily i n  emissions and e ff luent s using conventional 
technologie s  ( e . g . , ni trogen and sulfur oxide s and halogen acids can be 
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removed by effluent scrubber systems) . In addition,  thermal methods 
of fer a lternative possibilities with re spect to  the recovery o f  
inorganic& ,  metals ,  and energy . The thermal me thod s discussed here , 
however ,  are expected t o  be more costly than conventional inc ineration 
and would be applicable primarily in special situations involving 
d if ficult waste materials that are not readily amenable t o  conventional 
incineratio n .  Such materials include corrosive compound s (e . g . , 
halogenated organics) , thermally s table molecules (e . g . , aromatics ) ,  
acutely toxic compound s (e . g . , cyanide s ) , and explosive s .  

Al though these t hermal waste destruction technologies in many cases 
are designed and tailored for spec ific waste types ,  overall research 
needs and opportunities can be identified . 

1 .  General applicability t o  specific waste type s (i . e . , · solid s ,  
halogenated organics , sulfur-containing wastes , e tc . ) .  

2 . Emission and ef fluent contro l of decomposition produc t s  using 
physical t echniques ( i . e . , scrubbers ,  f ilters , e tc . , for removal 
of metals , ash, acids , and salt a )  and chemical processe s for 
ensuring c omplete destruction of  dioxins and o ther potent ial 
gaseous pollutant s and for recovery of vapori zed metal s .  

3 .  Energy o r power consumption effectiveness . 

4 .  Material s of  construction . 

S .  De sign , s ize ( scale-up ) ,  portability . 

6. Process optimization and coa t-effectivenes s .  

More specif ic re search needs include : 

1 .  Operating parameter s for the de struction of specific hazardous 
industrial wastes in molten sal t ,  f luidized bed , wet a ir 
oxidation , and pyrolysi s ayateaa should be determined . 
Systematic evaluation and screening programs for various waste 
s treams , reactor systems , and operating parameters should be 
encouraged to  extend the number of wastes capable of being 
detoxif ied and destroyed effectively . 

2 . The selection of materials of construction f or molten salt , 
f luidized bed , wet air oxidation , and pyrolysi s systems should 
be studied to improve corro sion resistance and operat ing life . 

3 .  Plasma and mi crowave systems should be investigated for 
destruct ion and detoxificat ion of hazardous industrial wastes 
that are difficult to hand le .  
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4 .  Pyrolysi s me thods should be developed for organic waste s as a 
means of detoxification and convers ion to usable f orms such as 
fuel s .  

5 . Co-catalyst systems for use in conjunc tion with specific 
technologie s ( i . e . , wet air oxidation , f luidized bed s )  and 
sp ecif ic waste s treams should be evaluated t o  aid the 
des truction of diff icult waste streams (e . g . , PCBs , chlorinated 
hydrocarbons , pesticide re sidues) . 

6 .  Development of energy recovery systems to minimize power 
consumption and/or recover energy re sources should be undertaken 
where i t  appear s to be feasible in the destruction process . 

1 . De sign of eng ineering controls f or combust ion products , 
emi ssions , and ef f luent s should be included as part of the 
development of new hazardous waste destruction processes . 

Illus trative specific thermal method s are de scribed in Table 3 and 
d iscussed below. 

Re search to evaluate these specialized thermal technique s  as 
solutions for di sposal problems peculiar to specific waste situations not 
re adily capable of utilizing convent ional incineration t echnology should 
be encouraged . As a minimum , these and other innovative thermal 
destruction techniques should be screened and evaluated for a variety of 
"problem" waste s .  

Fluidized Bed Inc ineration 

Th i s  t echnique uses a moving f luid ized bed of materi al as an intimate 
heat exchange medium o r ,  alternat ively , as a catalyst system to promote 
the transf ormation of waste material under milder operating condit ions 
( lower temperature and pressure and with minimum volume s of oxygen) than 
would o therwise be feasible . In general , the bed material may f unction 
to reac t wi th halogenated organic compound s or other material s containing 
atoms besides carbon , hydrogen , and oxygen (e . g . , sulfur , phosphorus , or 
nitrogen) and capture the halogen or other atom . The bed subsequently i s  
regenerated and the hetero-a tom i s  removed as  an innocuous chemical 
compound (e . g . , chlorine is removed as NaCl) . 

The reported advantages of thi s  type of process derive from i t s  
relat ively long residence and contac t time s , which result in more 
complete combustion and fewer potential organic compound s being emitted 
as air pollutant s ,  and from i t s  relatively low operating temperature s and 
cost s (compared with those of convent ional incineration) f or diff icult 
waste material s (e . g . , P CBs) . The technique is applicable to many 
liquids , high-v iscosity systems , and shredded solids . 
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TABLE 3 Theraal Me thod s 

Technology or Concept 

Fluidi zed bed i ncineration 

Mo lten salt reactors 

Pl asma are ( t orch ) 

Mic rowave radiation 
( c onceptual s tage) 

Pyro lys i s  

Vet a i r  oxidation 

Appl icable Vas te Type 

Liquid s ,  high-vi scosity aysteaa , 
shredded solid s ,  halogenat ed organic s ,  
organo phosphate s ,  organo sulfate s ,  etc . 

Liquids ,  shredded soli d s ,  halogena ted 
organics , organo phosphate s ,  organo 
sulfate s ,  etc . 

Liquids ,  stable molecules , pestic ides , 
very toxic materials 

" Super toxics" 

Broadly appli cable to all wastes 

Dilute aqueous waste streams of 
organic ma terials 

Coament a  

Generally applicable t o  any coabustible material ; 
cost-e f fectiveas compared wi th simpler inc inerat ion 
techniques ia the det ermining fac tor . 

Some solid waste (me ta l )  sys tems reported to 
undergo destruc t ion; materials of construc t ion and 
contro l of waste gases and vapors (e . g . , metals ) 
may be a problem . 

Produces energy or fuel as a by-produc t ;  residues 
require alternat ive di sposal ( i . e . , landf ill s ) . 

Re source recovery ( e . g . , inorganic salt a  and 
energy) ia possible ; organic s  can be detoxif ied or 
destroyed by oxidation ;  cocatalys t a  can be 
employed to destroy d i f f icult molecule s .  
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Rockwell International Corporatio n ' s Energy Systems Group ha s 
reported successful demonstration of a f luid ized bed incineration process 
for P CBa ( Chemica l and Engineering News 19 81 , Chemical Week 19 81) . 
De struction effic iency of more than 9 9 . 9999 percent was reported using a 
transformer fluid waste that contained 52 percent by weight of PCB and 48 
percent by weight of  trichlorobenzene . The process developed by Rockwe l l  
and the u.s. Department o f  Ene rgy ( DoE ) at a Colorado facility operated 
by Ro ckwell f or DoE f eatured a f luid ized bed combustor followed by a 
catalytic af terburne r .  Temperature s in both unit s were le a s  than 
695°C.  The f luidi zed bed system employed a chromic oxide catalyst on 
alumina and granula r sodium carbonate to neutralize in situ the HCl 
re leased . The process  unit may be able to be mounted:On-r.&il cars f or 
portabi lity . 

Mo lten Salt Reactors 

In molten salt reactors , molten salt i s  used a s  a medium f or 
de s truc tion of combust ible waste s ,  pa rticularly organic materials having 
hetero-a toma in their structure . In the moat studied system , the 
combustible material and air are introduced continuously beneath the 
surface of  molten sodium carbonate at a t emperature ranging from 800 t o  
l , OOOOC . Chemical reaction produc t s  of  the waste with the salt and air  
depend on waste const ituent s .  Carbon and hydrogen are converted to  C02 
and H20 ( steam) ; halogens form corresponding halide salt a ;  and 
phosphorus , arsenic , sulfur , and s i licon ( from glass or  trash in the 
waste ) form oxygenated salt a ( i . e . , Na3P04 , Na2S04 , e tc . ) .  Ash 
and o ther noncombustible & build up in  the melt and mus t  be removed . Te at 
re sults  on specif ic molten salt reactor s have been reported t o  show 
destruction efficiencie s  as  high a s  9 9 . 9999 percent for  chlorinated 
hydrocarbons ( Ames 1981 ) . 

Ex tensive testing of  bench-scale and pilot-plant size molten salt 
unit s ,  including invest igations of  the di sposal of PCBa and other 
chlori nated hydrocarbon and pesticide wastes , has been reported by 
Rockwell  Internat iona l Corporation ( Rockwell Internat iona l Corporation 
19 82 , Johanson 19 81 ) . Thi s work was supported under contract by the EPA. 

Depending on the size of the unit , molten salt inc inerat ion disposal 
systems appear to offer opportunity f or mobile systems and f or small 
systems tha t could be at tract ive for use by smal l- to medium-si zed 
manufacture r s  for waste di sposa l .  

Plasma Arc ( Torch) 

In the p lasma arc ( torch ) , an e lectrical di scharge is used to convert 
a low-pressure ga s into a plasma . The plasma can be considered to be an 
energy conver sion and transfer device . The e lectrical energy i s  
converted t o  hi gh-intensity thermal energy . Temperature equivalent s o f  
50,000DK have been reported ( Barton 19 81 , and Bart on and Ar senault 
1981) . 
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Waste feed material s fed into the plasma absorb energy and are 
a tomi zed and ionized on interact ion with the reactive plasma species . 
The proces s  has been described a s  one of molecula r fracture rathe r than 
of chemical oxidat ion , which i s  typical of i ncineration .  

Reportedly , huge quant ities of  elec trical current ( power)  are 
re quired t o  generate the p lasma arc . Co at-e ffect iveness s tudies have not 
been carried out to  assess the comme rcial feasibility of  thi s type of 
technology for general use .  Applications f or certain specialty use s 
(e . g . , PCB des truction) are being pursued by one research group . The 
process  may be part icularly advantageous f or smaller quant ities of waste s .  

Variations of thi s technique include eo-use of  oxygen as  
re actant/ plasma medium and o ther sources f or generat ing the p lasma . One 
such proces s ,  whi ch use s a magnetohydrodynamic ( MHD )  generator , i s  under 
s tudy at the University of  Tennes see Space Re search Ce nter a t  Tullahoma , 
Tennes see (.!!!!_ � 19 81) . 

Microwave Radiation 

The microwave radiation technique employs microwave radiat ion to 
generate very high energy to  transform chemical compound s ( e . g . , to  bri ng 
about the conversion of highly toxic materials t o  leas t oxic o r  nontoxic 
compound s) . Although currently in the re search concep t stage , some 
l imited teat re sult s have been report ed ( Ame s  1981) . 

Pyro lysi s 

Pyrolys is  i s  def ined as transf ormation of  a c ompound into one or  more 
substance s by heat  alone ( i . e . , without oxidation) . Thus ,  i t  is similar 
t o  destruct ive d istillation. Pyrolysis has been known for many years and 
has been applied by chemi st s to  a variety o f  feedstocks (Weitzman 19 81 ) . 
Processes s uch a s  the gasif ication of c oal to  produce f ue l  gas ( C H4 ,  
etc . ) and the liquefaction of hydrocarbons to produce lighte r oils and 
gasoline/ f uel cut s  have been u tilized commerc ially over the years . 

Large r-scale pyrolysi s of  waste s ,  inc luding hazardous waste s ,  to  
produce synthetic fue l  oils and o ther products  has been investigated . 
Waste feed stocks studied have included heterogeneous solid waste a s  well 
a s  l iquid s .  Pyrolysis processes having applicat ion to  special wastes 
have been studied (e . g . , for use i n  recovering usable material s from 
scrap t ire s) . Re portedly , a pyrolysis  process for destruct ion of  PCBa 
with recovery of  fue l  oil s is under deve lopment . 

We t Ai r  Ox idation 

We t air oxidation ( Randall  19 81 ) refers to  the aqueous phase 
oxidation of  dissolved or suspended organic substance s at e levated 
t emperature s and pre ssure s .  Wa ter , which makes up the bulk of the 
aqueous phase , serve s  to catalyze the oxidation reactions so that these 
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proceed at relatively low teaperature a ( 200 to 3200C ) and , at the same 
t ime ,  serves to aoderate the oxidation rates removina excess heat by 
evaporation. Water also provides an excellent heat transf er medium that 
enables the wet air oxidation proces s to be thermally self-sustaining 
with relatively low organic feed concentrations . 

The oxygen required by the wet air oxidat ion reactions i s  provided by 
an oxygen-containing gas , usually ai r ,  bubbled through the liquid pha se 
in a reactor used to contain the process .  The process pressure is 
maintained at a level high enough to prevent excessive evaporation of the 
l iquid phase , generally between 300 and 3 , 000 p si .  

Wet air oxidation i s  used primarily a s  a method for wastewater 
treatment but may be useful in a number of other way s .  De struction of 
high concentrations of organic substance s make s the recovery and reuse of 
many i norganic chemicals both practical and economical .  In addition, the 
highly exothermic nature of the wet oxidat ion reaction make s the 
generation of  by-product process steam or e lectrical power possi ble . 

Wet air oxidation has been known in the United State s  for more than 
2 5 years and has specif ically been applied to indust rial waste s . 
Howeve r , of the 150 or  more worldwide wet air oxidation installation s ,  
only 12 treat pure industrial wastes and only one i s  in the United S tat es 
(Prad t 1972 ) .  Commerc ial we t  air oxidation systems have been developed 
extensively and marketed by Z impro , Inc . ( Zimpro , Inc . ,  1981) and are 
commonly referred to as Zimpro oxidation processe s  or Zimpro waste 
d isposal systems . 

Several of  the more environmentally persistent chlorinated systems 
and other diff icult to degrade organic molecule s f ound to be re si stant t o  
c onvent ional wet oxidat ion conditions we re discovered to  b e  readily 
degraded using a variety of liquid phase catalyst systems in the 
pro cess . A large number o f  substance s has been s tud ied f or catalytic 
act ivity , including both soluble homogeneous (metal ions and peroxide s )  
and heterogeneous (metals a nd  oxide s)  sy stems . Cupric ion has shown 
remarkable catalytic  activity in many systems . In addition , a number of  
proprietary c o-c atalyst s  has been developed f or spec ific waste s treams . 

Wet air oxidation processe s  have also been coupled succes sfully wi th 
b iological t reatment and f i ltration processe s t o  treat indust rial wa st es 
(Wi lhelmi and Ely 19 7 6 ) . Othe r combinat ions of thi s technology with 
pre treatment o r  f inal processing may provide f easible solutions to 
complex hazardous industrial waste di spo sal problema . 

The general advantage s of wet air oxidation systems include the 
following : 

1 . Compared to  convent iona l i nc inerat ion, fuel  requi rement s are 
s ignif icant ly lower--i n the range of 500 Btu/gal compared wi th 
20 , 000 Btu/gal f or a was te low i n  organics . 
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2 .  We t air oxidation lend s  itself to energy recovery scheme s ;  
basically i t  i s  a c onf ined process operating a t  high pressure s . 

It s di sadvantage s include the following : 

1 .  Speciali zed reactors and const ruction o f  i ndividual component s  
may b e  required depending o n  the nature and quantity o f  the 
waste t o  be processed . 

2 . Ma terials o f  construct ion may be subjec t t o  corrosion by various 
waste s .  

S pec i f ic re search needs will vary with the mix o f  particular waste 
streams . In general , research area s identif ied for we t  air oxidat ion 
d isposal of  wastes include : 

1 .  Screening and evaluation o f  various waste streams for general 
applicabi lity , including pe st icide waste s ,  mixed plant effluent 
s treams , e tc . 

2 . Evaluation of  catalyst  systems such a s metals and activated 
carbon to enhance degradation of  difficul t molecule s under 
milder conditions . 

3 . Evaluation and deve lopment of  energy recovery schemes . 

4 . Evaluation and development of  re source recovery ( e . g , inorganic &  
in organic s treams) . 

LANDFILLS 

An e st imated 90 percent or more of u. s .  solid wastes ,  including 
hazardous indus trial waste s ,  are current ly di sposed of in landfills 
( American Chemical Society 19 78) . Landfills have become the major method 
of di sposal of hazardous industrial wastes primarily because of their 
perceived c ost-e f fect iveness in compari son with o ther hazardous wa ste 
di sposal technologie s .  Howeve r ,  as di scus sed below , the premise s on 
which these cost compari sons are based are frequently i ll-founded even 
though they reflec t today ' s  socioeconomic and regulatory climate . 

Landf ills can be c lassif ied a s  sani tary landfills , which provide for 
di sposal of municipal refuse , and secure landf ill s ,  which are de signed 
f or more or less permanent i solat ion ( s t orage ) of materials defined as  
"hazardous industrial waste s . "  Under RCRA regulations , the terms " secure 
landf ill" and "hazardous waste landfill"  have become synonymous . RCRA 
use s the terminology "hazardous waste landfill . " 

In many instance s ,  sanitary landfills  have become known no toriously 
a s "duaps" or " toxic duaps" because all kind s  of substance s ,  including 
industrial refuse with hazardous properties , have been improperly 
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d isposed of there . At t he se site s ,  aaterials were literally "duaped " and 
lef t , with only miao r ,  if any , regard for their environmental fate .  
Se cure o r  hazardous waste landf ills can be considered t o  be special cases 
of the category of waste treatment classified as permauent storage and 
are in conf oraance wi th pre sent regulatory statutes . 

Although sani tary landf ills E!.r .!!. will not be di scussed , it  should 
be noted that sanitary landfills as well as improperly functioning 
approved hazardous waste landfills could be a significant source of 
groundwater pollut ion .  Under the proposed RCRA regulat ions , "small" 
generators of hazardous industrial waste s are not subject to the saae 
a triQgent re quirements as major generators . Small generators are 
allowed , in many case s , to di spose of a wide variety of waste s def ined as 
" hazard ous" under RCRA in sanitary landf ills . However , if eaough 
hazardous waste s from individual small generators are aggregated in one 
sanitary landfill , t hen s ignif icant problema can c learly result from 
leaching ,  etc . ,  which would cause groundwate r  contamination by the 
hazard ous wastes . With respec t to  such landfill problems , the c oncept of 
"degree of hazard" should be considered ( Off ice of Techaology Assessment 
19 81) . 

The pre sent d i scussion will deal only with d i sposal of hazardous 
industrial waste s in secure landf ill s . Remedial action technology needed 
to  re store abandoned and/o r  uncontrolled sites will not be discus sed . 
These need s are addressed by the " Superfund" law ( Public Law 96-510 , 
Comprehensive Environmental Response , Compensation and Liabi lity Ac t  of 
1980) . Method s of permanent i solat ion and storage of hazardous waste s  
o ther than secure landfills are d iscus sed later i n  thi s  report . Secure 
landf ills are emphasized because they currently are the major method of 
d isposal o f  hazardous industrial waste . 

The objec tive of secure landfills i s  the physical ( hydrauli c )  
i solation of waste f rom the environment . In s imple terms , a secure 
hazardous waste landfill i s  designed to provide long-term entombment of 
wastes , and one of i t a  prime purpose s i s  to prevent contamination of 
groundwater by preventing "leaching" of material from the site . 

The design , operat ion, and monitoring of contemporary secure 
landf ills constitute an essentially new technology , one le as than a 
decade o ld .  Prior t o  the 1970s , the terms " sani tary landfill , "  
"municipal landf ill , "  and "dump" were almost synonymous . However ,  i n  
many cases , attempts  were made t o  design landf i lls suitable for chemicals 
and other industrial waste s using concepts that exceeded then-accepted 
practice and art for waste d i sposal . Consideration wa s g iven to 
groundwater protection and permanent entombment of  these industria l 
wastes . A major problem , in retrospect , is that the collective technical 
knowledge and experieace did not enable management of long-term problema . 

Al though a number of other options have been o r  are being developed 
for the proper management of hazardous waste s , many of these , even if 
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technically succes sful , cannot be instituted overnight . Thus , secure 
landf ills must be used until more advanced methodologies become viable 
indus trial processe s .  Moreove r ,  even the new waste di sposal technologie s 
now undergoing research and development will not be a panacea and 

· 

eliminate all hazardous waste di sposal problems . At best , there will  be 
special t echnologies f or detoxifying difficult wastes and , more 
important , for providing volume reduction for the total hazardous waste 
d isposal burden. Af ter many of these o ther t echno logies are employed , 
some material , albe i t  a smaller but finite q uantity , still will require 
disposal ( e . g . , ash from incinerators ,  sludge from waste t reatment 
plant s ,  concentrated metals and compound s from chemical treatment 
systems , and inorganic re sidues from chemical processing ) .  Any 
exploration of new waste disposal technologie s should include the 
e conomic practicali ties as  well a s  technological f easibili ty . Eval uation 
of alternative s  for hazardous waste disposal should recognize that a 
balanc ing o f  ri sks with cost-ef fectiveness will be necessary rather than 
treatment for treatment ' s  sake . 

The use of  secure landf ills that meet  strict technological 
requirement s i s  a viable and acceptable di sposal method for certai n 
hazardous wastes for the immediate f uture . However , for the longer term , 
other hazardous waste di sposal options must  be pursued and developed to 
minimi ze burial of hazardous materials . Landfill must be considered as 
the las t alternative af ter all waste treatment technologie s ,  including 
detoxif ication , volume reduction, and resource recovery , have been 
explored . As a minimum goal , the use of secure landf illing must  be 
coupled with o ther hazardous waste disposal techniques to reduce the 
total volume of material buried ( Senkan and Stauffer 19 81) . For example , 
in  both Germany and De nmark, organic hazardous waste cannot be landfi lled . 

In addi tion , the true cost  of long-term secure landfilling , including 
monitori ng and perpetual care insurance , must be used in cost-e ffectivenes s  
comparisons of thi s technique with alternative s such as  incineration and 
chemical detoxi fication. The short-t erm cost of this technology may be 
low, but the true costs to be incurred for perpetual care and monitoring 
f or a p eriod that , realistically , may exceed 500 years is signif icantly 
greater and thi s cost  should be used in comparison wi th othe r  di sposal 
options . 

The advantages of  the secure landfill d isposal method are summarized 
as follows : 

1 .  The technology i s  def ined , and f acilities are available . 

2 . Economic s are perceived as favorable compared to alternat ive s 
(e . g . , incineration) . 

3 . Proper ly designed and operated f ac ilit ie s  reduce the mobility of  
waste s (e . g . , to groundwater) , minimize the release of wastes 
(e . g . , to air) , minimize the hazard (e . g . , provide i solat ion) , 
and allow reclamation of valuable materials when technology 
becomes available . 
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4 .  Geological propert ies aake very low risk s ites available in ao.e 
area s .  

It a d isadvantages are as f ollows : 

1 .  The risk of causing healt h and eGvironmental problema may be 
higher than with other perpetual storage options . 

2 .  The long-term integrity or security of site s (e . g . , liner 
integri ty and stability) is not well established . 

3 .  A public acceptance of landfills and pe rception of safety are 
generally lacking . 

4 .  Loaa-term ( perpetual)  management i s  re quired . 

5 .  Waste volume reduction and resource recovery are not necessarily 
encouraged . 

6 .  Low ri sk landf ill locations are not evenly d i spersed around the 
country .  

Several general re search needs have been ident if ied for secure 
landfill di sposal of hazardous wastes ( Schult z 1981) . These may be 
d ivided into the following broad categories : 

1 .  Landfill design and operation ,  including cover design and liner 
perf ormance studies ( natural , synthetic ) .  

2 .  Closure-leachate collection,  analysis ,  and treatment including 
sampling (wells) and leachate treatment . 

3 .  Site monitoring including pollutant movement and sampling and 
interactions of soil , waste s ,  e tc . 

4 .  Waste pre treataent or chemical stabilization , including 
f ixation ,  encapsulat ion, and solar evaporation . 

5 . Modeling and pro jections for long-term ( > 500 years ) care . 

Many aspects of these research need s are currently being studied . 
Howeve r ,  ongoing research in these areas should be continued and new 
re search programs to  develop new concept s ,  materials , and techniques for 
landfilling and techniques for monitoring and predicting mobility ,  etc . , 
should be encouraged . Il lustrative examples of specific research needs 
in several of these areas are given below. 

Standard Sampling Te chniques 

Standard s ampl ing procedure s ,  including collection, pre servation and 
storage of sample s ,  do not -exist for solid and semisolid wastes . ExiatiQ& 
procedure s for sampl ing liquid effluents and soils should be adapted to 
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make them suitable in a variety of circumstances . In  addit ion , sampling 
and preservation technique s acceptable for groundwate r monitoring of  
potent ial leachate& should be deve loped . 

Pollutant Migrat ion 

Procedure s should be deve loped f or u sing the soil as a predictable 
at tenuation medium for pollutant s . Research should focus on under­
s tand ing the processes and on predic ting the extent of migrat ion of  
contaminant s (e . g . , heavy metal s )  from waste di sposa l site s ,  including 
laboratory and f ield verif ication s tudie s .  Mathematical hydrogeological 
simulation model s for predicting the movement of leachate &  ( solute s )  in 
both saturated and unsaturated soils are needed . 

Liner Performance and Cove r Design 

Li ner and cover materials should be evaluated t o  determine their 
suitability for eliminating or reducing leachate from landfill site s .  
Bo th laboratory screening o f  new materials and f ie ld evaluat ion of  
exi sting liner s--natural and synthetic--should be carried out . 

Wa ste Modif icat ion ( Chemical Stabi lization) · 

Encapsulation i s  achieved by inco rporat ing the solid and liquid 
phases of waste into a relative ly inert matrix that exhibi t s  increa sed 
physical strength and protect s the component s of  the waste from 
d i s solution by rainfall or by soil water . I f  this s lows the rate of  
release of  pollutant s from the waste suff iciently and no  serious s tres se s 
are exerted on the environment around the d i sposal s i te , the wastes have 
been rendered essentially harmles s  and re s trictions on siting will be 
minimal . A variety o f  solidification and encapsulation technique s have 
been stud ied and are being developed (Maugh 19 7 9 ,  Schult z 19 81 ) . 
Specific re search needs i nc lude i dentif icat ion of  new e ncapsulation and 
solidif ication materials ,  determination of  long-range stability with 
re spect to  leaching , and ability t o  withstand "weathering" af ter 
prolonged pe riod s of time . 

PERMANENT STORAGE 

If the pre sent , generally negat ive public attitude toward the 
utilization of incineration , buria l in  landfills , subsurface injection i n  
l iquid f orm , and o ther means f o r  the ult imate di sposal o f  ha zardous 
industrial waste s i s  considered , it become s obvious that soc iety i s  face d 
with a d i lemma . Given the public atti tude and the f act that hazardous 
waste s are , and wil l  continue to be , generated as by-product s of the 
a ttempt to meet the needs and desire s  of modern society ( Senkan and 
Stauffe r 1981) , there are , in fac t , only a few alternat ive s for the 
ultimate d i sposal of these waste s .  One o f  these alternatives  i s  the 
permanent storage or burial of  hazardous waste in the subsurface . 
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De tai led review of RCRA makes clear the expectation that large volumes o f  
hazardous waste s wi l l  b e  disposed of in the terrestrial environment 
(Maugh 19 7 9 )  and that a considerable amount of the •aterial will be 
di sposed of in deep subsurface zone s .  

Wa stes can be d isposed o f  i n  the air , i n  water i ncluding the deep sea 
(Goldberg 1981) , on land , deep underground , or by chemical conversion.  
It is  possible that the waste s can be  disposed of  by means suggested for  
highly radioactive waste s ( i . e . , sending waste s to the sun , shooting thea 
into i nter stellar space , or d isposing of them in the subduct ion zones of  
tectonic plate s ) , but these are not practical solut ions to the problem 
( Energy Re search Development Ag ency 19 76) . With the pre sent legal 
res traint s on the di sposal of hazardous waste s  in the air and water , the 
need t o prevent the di spersion of hazardous wastes ,  and the concern for 
long-term safety and i solation from the biosphere of these waste s ,  it 
become s obvious that land disposal , more part icularly permanent burial in 
the subsurface , is one of  the princ ipal method s for dealing with the 
" f inal" hazardous wastes generated by society . 

Acceptance of  the need for subsurface burial lead s to the neces sity 
to c onsider what re search i s  re quired f or a proper understanding o f  the 
problems re lated to the permanent and/or ultimate di sposal and storage of  
the worst wastes . 

Be fore moving to a d i scussion of required re search , one point needs 
clarif icatio n .  Prom the public  perspect ive , burial and i solation of 
hazardous wastes are commonly viewed as fundamentally the same ; they are 
not . Burial of waste s i s  no t a diff icult technical problem . Waste s can 
be buried in e ssent ially any location desired . However , providing the 
long-term i solation of hazardous materials from the biosphere i s  more 
d ifficult . Thi s concern for providing i solation i s  predicated on what i s  
considered t o  be one unalterable fac t . Af ter all effort s have been 
expended to render hazardous wastes nontoxic , to reduce them in volume , 
to recycle or reuse them , etc . , mos t  of the remaining nonreducible toxic 
materi als ultimately will be d i sposed of by burial in  the deep sub­
surface , thereby isolating thea from the biosphe re . Thi s i s  the final 
s tep i n  d i sposal . Pew o ther options f or handling such wastes are 
available . 

The problem of permanent di sposal or storage ( the t erm " d i sposal" i s  
preferred because re trieval from permanent storage is no t generally 
contemplated ,  and henceforth ,  thi s term will be u sed) can be d ivided 
initially into two part s :  di sposal of liquid wastes and di sposa l of 
solid waste s . In both instances , existing technical and e ngineering 
me thod s allow the buria l of  the wa ste s in the subsurface . Que stions 
ari se with regard to the long-t erm i solat ion , dissolut ion , immobi lity , 
and chemical reactivity of  the waste s .  

As suming a specific t oxic waste must be di sposed o f  i n  the 
subsurface , two principal quest ions arise : Is  the technology f or 
disposing of  the wastes safe and available ? Wi ll the waste and the 
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hazard associated wi th it  remain permanently i solated from the 
biosphere? Us ing thi s  approach , it is assumed , of course , that some of 
the di sposed of waste s degrade or are indeed immobili zed .  

Li quid Wa stes 

Subsurface injection is a t echnically acceptable method for hazardous 
liquid waste di sposal or long-term i solation of toxic pollutant s  whereby 
the wastes are injected in deep subsurf ace a quifers that a re of no or  
little value for other purpose s . It i s  the committee ' s judgment that the 
technology f or injection of  liquid wastes into the subsurf ace at  the 
required dep th i s  available ;  thus , the greatest  concern i s  with the 
que stion o f  permanent i solation o f  the injected waste from t he bio sphere . 

Two subsurface di sposal areas that have considerable potent ial for 
the d isposal o f  hazard ous industri al wastes ( bo th solid and liquid ) are 
salt dome s  and arid region unsaturated zone s . A sal t dome is a permanent 
struc ture with a central , nearly equidimensional , salt plug . The 
s t ructure i s  generally 1 t o  2 km (occassionally more)  i n  diamete r and has 
ri sen through enclo sing sediments from a mother salt bed 5 t o  10 km or 
more beneath the surface . An unsaturated zone refers to a specific 
subsurface hori zon or level that i s  devoid of water . Many of the data on 
salt dome s generated in  study o f  problems related to  di sposal of 
hi gh-level rad ioactive wa ste have applicability to problems of  d i sposal 
of hazardous industrial waste s .  

In the discus sion that f ollows , i t  i s  assumed that subsurface 
injection of hazardous liquid waste s will continue to be used in the 
future a s  one means of  hazardous industrial wa ste d isposal , provided that 
al l criteria regarding technological safety and i solation are met .  

To a s sess proper ly the effec t s  o f  permanent d i sposal of l i quid 
wastes , particularly those of extreme stability posing a potential 
long-t erm threat , better inf ormation and more research a re urgent ly 
required in the general areas described below. 

Degradation,  Migration , Short-Term Reactivity 

A better understanding of the degradat ion products  formed and the 
rate s  of degradation of the i ndividual hazardous wastes i s  needed . It  i s  
essential to know i f  the degradation produc t s  are themselve s  hazardous .  
It i s  necessary to  under stand how d egradation rates and products are 
affected over long time period s by the temperature s encountered in  the 
d ifferent subsurf ace d i sposal horizons . As depths greater than 10 , 000 
feet are considered for injection of these waste s ,  more at tention will 
have t o  be d irected t o  chemical reactions proceeding at  a greater rate 
owing t o the greater temperatures encountered wi th increasing depth of 
burial . For many liquid wastes ,  i solation from the b iosphere will 
require deep injection or burial after solidificat io n.  
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Once introduced into the subsurface , the short- and long-term 
migration rates and d irections of migration of  the f luids  in the 
subsurface di sposal zone s mus t  be examined . When migration i s  likely to 
occur , i t  i s  imperative to understand explicitly the heterogeneous 
chemical reactions that can occur between the naturally occurring brine s 
and the degradation products  of the specific toxic wastes .  It i s  
important t o  determine which o f  the potential chemical reac tions can 
occur spontaneously and to know the thermal conductivi ty and specific 
hea t  capacity of  the rocks and fluids in the di sposal hori zons . For many 
o f  these questions , answer s a re available when dealing with most 
sedimenta ry rocks such as  shale ( Brookins 197 6 ) , limestone , and 
sandstone ,  but f or o ther rock types such as anhydr ite , dolomite , granite , 
gneiss , and basalt , answers are lacking o r  are imprecise . It i s  critical 
t o avoid subsurf ace inject ion of hazardous liquid wastes when only 
cursory consideration has been given to these parameter s .  

Long-Term Reactivi ty 

Whi le very long-term i ntegri ty of the formation and entrapment in the 
formations is of  primary importance , data are needed on po ssible 
long-t erm reactivity and kinetics for many liquid wastes in the thermal 
environment wi thin the sandstone , limestone , shale , granite , basalt , 
e tc . , in  which they are emplaced .  These data will define which rock 
type s are the mos t  suitable for the long-term di sposal of  such waste s . 

Re search i s  also needed on the long-term ch�mical reactivi ty and 
kinetic s  of  the different waste s a t  the bot tom-hole temperature s 
encountered at all depths (e special ly greater than 10 , 000 feet ) with the 
chemically different , highly concentrated brine s occupying the void 
space s in all deeply buried subsurf ace rocks . 

A cri tical need ident ified by Anderson ( Jose phson 198 2 )  i s  that of 
kinet ics : "We hardly understand the kinetics . . .  we need new kinetic 
models • • •  we simply canno t expre s s  heterogeneous reac tion rate s and thi s 
i s  what we need to  do i f  we are ever to  predict the t ime i t  takes a 
potential pollutant to move a given distance . "  

Se dimentary Basins 

As noted above , the major portion of  the subsurf ace d isposal of 
liquid wastes has so far occurred in sedimentary rocks , primari ly 
limes tones and sandstones . If long-t erm di sposal and i solation from 
potent ial groundwater source s i s  desired , the possibility of  utilizing 
the deeply buried crystalline ( i gneous ) rocks that l ie beneath the large , 
deep sedimentary basins of the Uni ted States need s t o  be investigated . 
Many such basins exist . Some of  the better known examples are the 
Illinoi s , Michigan , and Denver basins . Given the proper hydrologic 
conditions (e . g . , downward migration ,  high salini ty , and brines  
compatible with the liquid to be  d i spo sed of  or stagnant water s) , the 
po tential f or such areas to accept liquid toxic waste for ultimate 
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d isp osal has not been cons idered adequately . For many such basins , the 
subsurface water i s  either stagnant or moving deeper .  Thi s physical 
s itua tion i s  one that may be well-suited for permanent d isposal of  liquid 
hazardous waste s ( Bredehoef t and Main! 1981) . 

A major c oncern i s  the lack of  knowledge concerning the f low of 
waste s  of  different chemical characteristic s through microfracture s and 
through rocks of low permeabi lity . Thi s knowledge i s  e ssential t o make 
meaningful risk analyse s to ensure that the di sposed waste i s  properly 
i solated . 

Mi ned-Ou t Areas and So lution Cavities 

Under the proper ci rcums tance s ,  permanent di sposal of hazardous 
l iquid wastes i n  abandoned subsurf ace mined-out areas can be considered , 
e specially i n  abandoned salt workings (U . S .  Army Corps of Engineers 197 9 )  
e i ther in  salt domes o r  i n  bedded salt deposit s .  Thi s i s  attractive i f  
smal l volume s of organic waste s  are involved . An inventory o f  the volume 
o f  such space in  the United S tates , i t s  avai labi lity and sui tability 
( e . g . , it s freedom from improperly plugged hole s )  to store ha zardous 
industrial wastes , and i ts geographic d i stribution are needed . One 
should examine whe ther such abandoned space can be treated properly 
and/or l ined f or use as  "holding tanks . "  

Much more information also i s  needed on evaluating the potential for 
extremely deep burial of hazardous industrial wastes in salt dome 
solution cavitie s .  In addition , detailed assessment of  the integrity , 
long-term safety , and i solation possibi lities o f  waste emplacement in 
arid zone unsaturated horizons ( Winograd 1981)  is also needed . It wa s 
the c ommi t tee ' s conc lusion that emplacement in salt domes or 
s t ratigraphic salt  bed s could be useful for certain waste type s and 
deserve s more attention than i t  has been given to date . 

The subsurfac e di sposal of hazardous waste s  in abandoned salt mine s 
or subsurf ace cavi ties has been advocated wide ly and , in  some instance s ,  
pract iced . The essential que stion i s  not whethe r  sal t can be used a s  a 
re ceptacle f or the d i sposal of mos t hazardous waste s ,  but whether o ther 
rock type s are equally or even more suitable for the di sposal of  specifi c 
hazard ous waste s .  

The fac tor s mos t  important i n  determining the best subsurf ace rock 
type and horizon for long-term containment of liquid waste s should be 
establi shed . Consideration and possible use of such geologic hori zons 
should be part of any research program to solve problems related to the 
long-t erm d i sposal of hazardous liquid wastes . However , the long-term 
safety of such regional di sposal horizons (as  determined by geology ,  
specific heat , dissolution ra te , hydrologic containment , brine chemist ry , 
etc . ) ha s no t been considered adequately or evaluated properly . 
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Solid or  Solidified Wastes 

Permanent s torage of solid or solidified toxic wastes can be 
accomplished i n  several ways . Among these are burial in  abandoned or 
unused underground openi ngs or in  mined-out cavi t ie s  developed 
specifically for a given waste . Certain conditions must be sati sfied for 
such burial , and these will be discussed below. Among the subsurface 
opening s  that have been considered {U . S .  Army Corp s of Engineers  197 9 )  or 
that need consideration are such cavi ties as abandoned salt mine s and 
dome s ,  old metal mine s , coal mines , and deep quarrie s .  There must  exi s t 
many billions of  cubic feet of such unused space i n  t he United States . 
These openi ng s  are present in  many different rock type s and are scattered 
widely across the country . Both of  these a spects are a ssets .  What i s 
needed , howeve r ,  i s  a detailed inventory of the availability of such 
space and an assessment of the hazardous wastes that are amenable to 
burial i n  specific  rock unit s .  Little additional research i s  needed int o 
methods of sealing off or i solating such cavities f rom the country rock 
in which they are located . The technique s appear wel l  in hand . 

It i s the c ommi t tee ' s opinion that solid wastes must be considered 
from four viewpoint s : handling and burial a s  slurrie s ,  handling and 
buri al in  solid f orm a s  received , hand ling as  independently solidif ied or 
encapsulated unit s ,  and burial after solidif ication and subsequent 
containment in barre ls or some o ther speciali zed cont ainer . 

Slurrie s 

It i s  possible that certain hazardous wastes cannot be satisfac tori ly 
solidified or  encapsulated economically . Such waste s may have to be 
handled i n  s lurry form .  S lurry i s  def ined here as  any s olid-l iquid 
mixture of  varyi ng solid-liquid pe rcentage s capable of being transported 
or handled via p ipes . Such a mixture , whether the re sult of a g iven 
manufacturing proces s  or deliberately made by add i t ion of some inert 
material { i . e . , sand , ground s lag , e tc . ) ,  can be d i sposed of in  
subsurface cavi t ie s .  

Re search i s  needed both o n  materials required f or sealing off 
{ isolating ) cavitie s  containing slurrie s from surrounding rock and on 
proper applicat ion techniques . I t  i s  anticipated that the volume of 
wastes falling into thi s  catego ry will be quite smal l ;  consequently ,  i t  
i s  l ikely that re latively l i ttle re search need be d irected t o  the 
solution of thi s problem . 

So lidif ication and Enc apsulat ion of  Wastes 

The distinction i s  made here between solid hazardous waste s that can 
be buried as received and those that can be treated chemically to become 
a part of a solid matrix i t self  and solidified waste s that  are enclosed 
or e ncapsulated { Lubowitz  and Wiles 1979 ) i nto a s o lid whole by i nclusion 
in  a second solid material (e . g . , s i licate slag , bitumen,  asphalt , con-
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cre te , and synthet ic polymers) . If  buried as  solidified masses or a f ter 
containment in barrel s  or some other vessel subsequent to solidif icatio n ,  
the se wast es  can b e  handled and i solated a s  required . Solidif ication o f  
waste s prior to landf il l  burial or  ultimate di sposal i n  the subsurface 
has been accompli shed by several methods ( Salas 19 7 9 ,  Subramanian and 
Mahalingam 197 9) . A few of  the f inal solid mate rials of varying 
s olubi lities that have been tested and , i n  some instances , used for 
interring hazardous waste s are asphal t  and bitumen,  tar and pitch , epoxy , 
polyolefin and other polymers ,  cement s o f  various types , s ilicates 
(molten rock type s and ceramic s ) , s ilicate s (different type s of glas s) , 
and SYNROC ( Ringwood 1982 ) .  I s olat ion from the bio sphere and t he 
subsurface envi ronment (brine s , etc . ) can , for example , be obtained 
through use o f  the barrier concept being considered f or high-leve l 
radioact ive waste s ( National Academy of Science s 1980) . The number of  
barriers re quired is  determined primari ly by the t oxici ty of  the waste 
and the des i red i solat ion period . In such cases , the f irst  concern i s  
f or safety and the second for economics . 

Among the barrier s considered are the enclosing matrix , the 
c ontainer , the backf ill of crushed rock (e . g . , salt or gravel ) ,  bentonite 
or ano ther clay , and the count ry or surrounding rock i t self . 
Considerable re search i nto the composition of  various barriers has been 
done but much more i s required . The key question involve s the degree and 
leng th o f  i solation desired . 

In a ll burials o f  hazard ous wastes ,  the ma jor concern i s  that the 
waste s be i solated from or contac t  minimi zed wi th subsurface water . A 
s econd concern i s  that the wastes not be returned t o  the ground surface 
and contac t  the bio sphere . Contac t with water i s  of concern because of 
f ear of long-t erm " s ubstance" migration .  

As previously pointed out , a nat ional inventory of the availability 
o f  subsurface space wi th a l i s ting of specia l concerns and problems 
related to each site is badly needed . Concurrent with such an inventory ,  
re search s hould be initiated to determine the chemica l compat ibi lity of 
sol idified toxic waste s  with the d ifferent type s of subsurface brine s and 
environmental conditions pre sent in  the subsurface . I t  i s  necessary t o  
anticipat e the reactions to b e  expected over long period s  o f  t ime ,  
including the effec t s  o f  temperature ( 100 t o  3000C) , pH , and d i s solved 
gases . Di ssolved gase s can include such species as C02 , CH4 , and 
e specially H2S · It i s  also worth considering the feasibi li ty of 
c onverting s ome wastes to s lurries f or hand ling and d isposal , f ollowed by 
aging o f  the slurry and solidificat ion in place . 

Al though immediate and short-t erm costs may be high , long-term 
economic s may clearly favor disposal of many hazardous wastes in 
solidif ied f orm by burial in subsurface hori zons . Cont inued re search on 
both reducing the cost s of and improving and developing new 
s olidif ication techniques ( i nc lud ing encapsulat ion )  needs to be done . 
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Degradation and React ion Rate s 

If waste s are to be rendered truly immobi le by solidif ication 
processe s ,  the permanent disposal of  hazardous wastes by burial i n  
subsurface cavit ies ( permanent d i sposal ) will require a be tter knowledge 
of the degradation rates of the wastes being buried , the reactions 
between s olidif ied matrix and contained wastes ,  and any ionic exchange 
processe s that might occur . It i s  necessary to know what , i f  any , liquid 
or gas bleeds from the "waste block" and what the chemical reactions are 
between the "bleeding" component s and the country rock and subsurface 
bri nes . 

Additionally , re search i s  needed to deve lop further an understanding 
of the problems related to the barrier concept , e specially to determine 
what minerals are best ( bentonite , crushed salt , etc . )  for what was tes . 
Similarly , re search i s  needed to determine the best container metal s f or 
specific environment s .  I t  may be necessary t o  develop new a lloys and 
material s t o mee t the need s of deep burial . Thi s applie s both to 
containing hazardous wastes in  barre ls and t o  lining underground cavit ies 
( e . g . , wi t h  bentoni t e )  prior to depositing waste s in  solid or slur ry form . 

As a c losing commentary the commi ttee wishe s to emphasize the 
importance of  a more concerted and directed research effort to assess  the 
f easibility and ramifications of using as burial s i tes for hazardous 
waste s the thick unsaturated zone s ( subsurface zone s or horizons free of 
water)  under lying much of the ari d  western United States (Winograd 
1981) . These areas can be considered a national asset in  achieving a 
solution t o  the waste d i sposal problem . They may , in fact , be pivotal in  
providing a reasonable solution t o  the whole problem of  di sposal of  toxic 
and hazardous waste s .  
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